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Abstract 
It has been a great challenge to enhance fabric functionalities by modifying 
fabric structures, rather than through chemical treatments. 
In this study, novel bifacial fabrics combining woven and knitted structures 
were developed for apparel use. Fabrics were produced on a purpose-built 
machine using conventional fibres (wool, polyester and acrylic) and their 
mechanical and thermal comfort properties were compared with traditional 
knitted and woven fabrics to understand heat and mass transfer through such 
structures. The effect of different structural parameters on the properties of 
bifacial fabrics was also investigated. 
The bifacial fabric exhibited unique appearance and properties. It showed a 
woven structure on one face and a knitted structure on the other. In tensile tests, 
the fabric sample exhibited two distinct load-extension peaks and a relatively high 
toughness along both the warp and weft directions. The bifacial fabric had unique 
abrasion resistance combining the performances of the knitted and woven 
structures and different bending stiffness depending on whether the fabric was 
bent towards the knitted or woven face. The thickness of the bifacial fabric was 
found to be less than the combined thickness of similar woven and knitted fabrics. 
The thermal resistance of the bifacial fabric with higher fabric thickness and 
weight was higher than the woven and knitted fabrics, and the difference between 
two faces of the bifacial fabric was statistically significant.  
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With the bifacial fabric structure, water spreading on the woven face was 
faster than that on the knitted face. The two faces of the bifacial fabric also 
showed different evaporative resistance, because of different morphology on the 
two faces. The permeability index of the bifacial fabric was higher than woven and 
knitted fabrics. The total heat loss of the bifacial fabric was lower than other 
fabrics. 
Increasing loop length of bifacial fabrics increased evaporative resistance, air 
permeability, warm feeling, thermal resistance and permeability index, yet 
reduced total heat loss. An increase in weft density of bifacial fabrics lead to higher 
evaporative resistance, warmer feeling, higher thermal resistance and lower air 
permeability and total heat loss, while permeability index did not change with an 
increase in weft density. 
As a result, these mechanical and thermal properties of the bifacial fabrics can 
be optimized by changing loop length, weft density and fabric structures, and 
bifacial fabrics with these unique properties can be utilized in many fields. 
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Introduction 
There has been an on-going trend for engineering comfortable and functional 
fabrics to satisfy increasing consumer demand. As the production of such fabrics 
typically requires finer raw material and is technologically more challenging, 
products made from these fabrics also command a higher price.1 In addition, 
woven and knitted garments have different characteristics. It remains a significant 
challenge to develop apparel fabrics that can combine the advantages of both 
woven and knitted fabrics in a single fabric structure. This calls for work on novel 
fabric structures, and a thorough understanding of heat and mass transfer through 
such structures. The motivation of this research was to examine whether the fabric 
structure can be changed to modify the heat and moisture transfer properties of 
apparel fabrics, without using any chemical treatments. 
Traditionally, apparel fabrics are produced by either weaving or knitting 
machines. Knitted fabrics feel softer, more comfortable and have better stretch 
recovery than woven fabrics. Woven fabrics, on the other hand, are usually 
stronger and structurally more stable than knitted fabrics. The woven fabrics 
typically have smoother surfaces and a higher density, and are not as warm as 
knitted fabrics. It remains a significant challenge to develop a hybrid fabric that 
can combine the advantages of both woven and knitted fabrics in a single fabric 
structure.  
As both the woven and knitted structures have their own advantages and 
disadvantages, the combination of these two structures, so called co-woven-
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knitted (CWK), is a way to improve the properties of traditional fabric structures. 
Studies based on CWK mainly focus on composites application, such as 
reinforcement composites and body armours, and CWK has received little 
attention for apparel application. Additionally, current CWK production uses two 
different yarn systems for weft yarns and loop yarns, which tends to make the 
fabric quite heavy. While the CWK fabric combines woven and knitted structures, 
both woven and knitted structures can be seen on each face of the CWK fabric, 
which makes it difficult to realise functional properties in the fabric. 
This study is devoted to obtaining and enhancing fabric functionalities by 
modifying fabric structures using conventional materials without harmful 
treatments. In this study, novel bifacial fabric structures were developed with a 
knitted structure on one face and a woven structure on the other, which is quite 
different from the CWK fabric structure. The term “bifacial fabric” has been used 
to describe the novel fabrics developed in this study. Several bifacial fabrics were 
produced on a purpose-built machine, and some mechanical and thermal comfort 
properties were investigated and compared with traditional knitted and woven 
structures. This thesis is divided into seven main chapters as outlined below: 
Chapter one provides a descriptive review focusing on woven, knitted and co-
woven-knitted structures. Effect of fabric structures on mechanical and thermal 
comfort properties is also reviewed.  
Chapter two introduces the design and fabrication of bifacial fabrics, raw 
materials, sample characterisation techniques and statistical analysis methods. 
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Chapter three reports the influence of fabric structures on mechanical 
properties, such as appearances, tensile behaviour, abrasion resistance, bending 
stiffness and rigidity. These properties of woven, knitted and bifacial fabrics are 
compared. 
Chapter four investigates the heat transfer properties of bifacial fabrics. Air 
permeability was measured to examine the breathability of fabrics. Thermal-
contact (warm/cool) feeling measurement was carried out to investigate the initial 
skin contact feeling of fabrics. Thermal resistance was studied to compare the heat 
flux transfer across the fabric.  
Chapter five evaluates the moisture transfer properties of bifacial fabrics. 
Water contact angle measurement was used to compare the surface hydrophilicity 
of fabrics. Liquid water transfer properties were examined using Moisture 
Management Tester (MMT) to find out how water transfers in the bifacial fabric 
structure. The water vapour transfer property was evaluated on Sweating 
Guarded Hotplate to study the evaporative resistance of fabrics. Thermal comfort 
properties were investigated using permeability index and total heat loss. 
Chapter six studies the effect of weft density and loop length as two main 
structure parameters on moisture and heat transfer properties of bifacial fabrics, 
including evaporative resistance, air permeability, thermal-contact feeling, 
thermal resistance and total heat loss. 
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Chapter seven summarises the main results achieved in this study, and gives 
some suggestions for future work in this area.  
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CHAPTER ONE   
1 Literature Review 
In this chapter, methods for obtaining fabric functionalities are briefly 
reviewed followed by a review of conventional knitted and woven fabrics and co-
woven-knitted structures. The mechanical and thermal comfort properties of 
woven and knitted fabrics are also reviewed.  
 
1.1 Fabric Functionalities 
 
1.1.1 Inspiration of bifacial fabrics 
Leaves of many plants have an adaxial (top) surface and abaxial (bottom) 
surface, which exhibit many differences in morphology, texture and even colour 
(Figure 1.1).2, 3 These differences are marked in plants such as cotton and tulip. 
Such bifacial structures are highly functional and are essential for plant growth 
and survival. The main function of the adaxial face of leaves is photosynthesis, 
while gas-exchange is primarily conducted on the abaxial face. This provided the 
inspiration for this study, to develop a bifacial fabric with a knitted structure on 
one face and woven on the other, so that the fabric may have unique properties 
not attainable from either a woven or a knitted structure alone. 
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Figure 1.1 Different appearances on two faces of bifacial leaves taken from 
roadside (Geelong, Australia). 
 
1.1.2 Methods for obtaining fabric functionalities 
In recent years functional fabrics, e.g. breathable water proof fabrics, 
antibacterial fabrics and energy recovery fabrics, have become more popular for 
everyday use because of their unique properties. For example, water proof fabrics 
can prevent liquid water from passing through but allow water vapour to transfer 
through the fabric.4 Energy recovery fabrics attempt to harvest and use some of 
the energy radiated or expended by the wearer. 5 Such unique properties are quite 
useful in special areas. For example, waterproof fabrics are required for tents, 
umbrellas and surgical personal wear. 
In order to obtain these functional fabrics, most researchers have paid 
attention to new chemical and physical treatments, as well as combining different 
fibres and yarns in the same fabric.  
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Water repellence treatment is an example of chemical treatments that can 
impart the water proof properties to fabrics. This is done by deposition of a 
chemical coating on the surface of a fabric, which often has an adverse effect on 
other fabric properties such as handle. Teflon coating is used to improve water 
proof behaviour, but it reduces fabric’s air permeability.6 Treatments will also 
result in higher cost, and the chemical method may cause serious pollution to the 
environment.7  
Use of high-tech fibre materials is also another way to impart new functions 
to the textiles. An example is carbon fibres, currently quite popular in the 
composite field.8-10 Even though carbon fibres have so many advantages and can 
be obtained from different raw materials, such as polyacrylonitrile, rayon, pitches, 
resins and gases (methane and benzene),11 they do not possess the comfort 
attributes of conventional fibres, leading to limited applications in apparel fabrics. 
An attractive approach is to modify the fabric structure, using conventional 
materials with no harmful treatments. This approach is the focus of this PhD thesis. 
 
1.2 Conventional Fabric Structures 
Woven and knitted structures are usually used for clothing, which are 
traditional fabric structures with a long history.  Woven fabrics are usually utilized 
as formal dress or outerwear, while knitted fabrics are used as casual or 
underwear. 
10 
 
 
1.2.1 Woven structure12 
Woven structures are completed with warp and weft yarns. The warp yarns 
are normally parallel to each other, while the weft yarns are set vertical to the 
warp yarns. When weaving, the weft yarns are picked up one by one, after the 
warp yarns are lifted, according to the structure of the woven fabrics. There are 
three basic woven structures, namely plain weave, twill weave and satin weave 
(Figure 1.2). 
 
 
(a)                                      (b)                                     (c) 
Figure 1.2 Woven fabric structures. (a) plain weave; (b) twill weave; (c) satin weave. 
 
The plain weave has the most intersections (Figure 1.2 (a)), and its structure 
is denser and stiffer than others. Compared to the plain weave, the twill weave 
has less intersections (Figure 1.2 (b)), yet it feels softer and is more lustrous. The 
satin weave is the most complex structure (Figure 1.2 (c)). Two single intersections 
on two warp yarns are far away from each other, and they are covered by the 
floats aside. The long floats of the satin weave create a shiny surface and tend to 
11 
 
reflect light easily. Moreover, the satin weave has better softness than other two 
structures. 
Despite the fact that many modern technologies have been applied to the 
process of weaving, the basic principles of weaving have remained the same. One 
weaving cycle normally consists of five basic motions of shedding, picking, beating-
up, let-off and take-up.  
Shedding is the first operation of the weaving cycle (Figure 1.3). Depending 
on the designed patterns/structures to be woven, the warp yarns are separated 
into two layers by lifting and/or lowering one or more of the shafts (or healds) in 
the loom. A tunnel, so called the shed, is formed enabling weft insertion (picking). 
 
Figure 1.3 Shedding motion of the weaving machine.12 
 
Picking is the second operation of the weaving cycle (Figure 1.4). A length of 
weft yarn is passed through the previous formed shed. A weft yarn called a pick, 
is laid through the shed. A weft carrier is used to complete the picking or weft 
12 
 
insertion. If the carrier is a shuttle in the weaving process, it is called a shuttle loom. 
The shuttleless weaving uses different weft insertion mechanisms, such as 
projectile, rapier, air jet and water jet. 
 
Figure 1.4 Picking motion of the weaving machine.12 
 
Beating-up is the third operation of the weaving cycle (Figure 1.5). Once the 
weft yarn is placed into the shed, it is pushed or beat-up to the fell of the cloth by 
the reed. The fell of the cloth is the link point between the cloth and the warp 
yarns. Beating-up starts when the reed pushes the new weft yarn against the fell 
of the cloth, and ends when the reed arrives at its initial position. In addition, the 
reed determines the warp density and amount of warp yarns through its gauge 
and width. 
13 
 
 
Figure 1.5 Beating-up motion of the weaving machine.12 
 
Let-off is the motion which releases warp yarns at the required rate by 
unwinding it from the warp beam.  
Take-up is the motion which pulls the completed cloth from the weaving area 
at a constant rate, and then winds it onto the cloth beam. Let-off and take-up 
processes occur collaboratively to determine a constant tension of warp yarns and 
a constant weft density. 
 
1.2.2 Knitted structure13 
Knitted structures are made of intermeshed loops. These knitted loops are 
intermeshed to each other in rows, with loop heads catching loop feet of the next 
loops. The wale and course in knitted structures are similar to the warp and weft 
of woven structures. A wale is defined as “a vertical column of intermeshed needle 
loops generally produced by the same needle knitting at successive (not 
necessarily all) knitting cycle”, while a course is defined as “a horizontal row of 
14 
 
needle loops (in an upright fabric as knitted) produced by adjacent needles during 
the same knitting cycle”.13 There are two major methods to produce knitted 
fabrics: weft knitting and warp knitting, and the former is more relevant for this 
study. 
In weft knitting, a single yarn can be used to produce the fabric by adding 
loops to each needle in turn, and knit one course of the fabric. The fabric can also 
be produced from several yarns, by feeding yarns at the positions of different cams 
at a same moment, knitting several courses of the fabric. Hence the latter is much 
more effective. Three basic knitted structures are briefly introduced below. 
In the flat knit, only loop arms can be observed on the face (Figure 1.6 (a)), 
while there are top and bottom arcs on the back. The ravelling phenomenon of 
the flat knit is serious as well as its curling due to different inner forces on two 
faces. Loop arms of the rib can be seen on two faces (Figure 1.6 (b)), but not the 
top and bottom arcs because of them being covered by the neighboured wales. 
The rib has the highest elongation in the course direction, and the elongation in 
the wale direction is the same as the flat knit. The purl stitch is a combination of 
one face course (loop arms can be observed on the face) and one back course (top 
and bottom arcs can be seen on the face) (Figure 1.6 (c)). The two faces of the purl 
stitch seems to be similar to the back of the flat knit. It is produced using the 
double-head latch needle, which is different from other structures. 
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(a)                                        (b)                                        (c) 
Figure 1.6 Knitted fabric structures. (a) flat knit; (b) rib; (c) purl stitch. 
 
As the latch needle is widely used in the weft knitting, the knitting actions of 
the latch needle are reviewed. Figure 1.7 shows different positions of a latch 
needle, which is completing one knitting cycle, and the detailed five steps are 
shown below.  
16 
 
 
Figure 1.7 Knitting action of the latch needle.13 
 
 The rest position (Figure 1.7, position 1). The needle butt is walking in a low 
(rest) position holding the previous formed loop in the closed hook, and it has no 
movement in the vertical direction (only in this case). In this position, the needle 
cannot receive a new loop yarn, and the old loop also cannot be cast off. Sinkers 
or web holders between needles move forward and hold the old loops (cloth). 
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Latch opening (Figure 1.7, position 2). The needle butt is pushed up by the 
incline of the clearing cam. The old loop, which is staying in the needle hook and 
is held by the sinker, slides down from the hook and contacts the latch due to the 
movement of the needle. The top arc of the old loop pushes and rotates the latch 
as it continuously slips down, and finally opens the latch. 
Clearing height (Figure 1.7, position 3). When the needle butt passes on the 
top of the clearing cam, the old loop has been away from the hook and latch, and 
it is held by the shank of the needle, which is under the latch.  
Yarn feeding and latch closing (Figure 1.7, position 4). The needle butt is 
pushed downwards by the stitch cam, with the old loop moving upwards. A new 
yarn is placed by the yarn feeder into the descending needle hook, where there is 
no risk to place the yarn below the latch. With the needle descending, the old loop 
keeps slipping upwards and touches the underside of the latch. The old loop 
consequently pushes the latch onto the hook and closes it. 
Knocking-over and loop length formation (Figure 1.7, position 5). With the 
needle descending continuously, the old loop slips over and off the latch and hook 
of the needle, and the new loop is withdrawn through the old loop by the hook. 
The needle, with the new loop in its hook, is pushed down by the stitch cam till a 
wanted loop length is obtained. The loop length is approximately twice the 
distance that the needle butt descends, which can be adjusted by changing the 
depth setting of the stitch cam. 
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1.3 Co-woven-knitted (CWK) Structures 
Producing fabrics with both woven and knitted structures has been previously 
achieved on a modified circular knitting machine as early as 1976 (Figure 1.8).14 In 
the machine the adjacent storage members provided warp yarns and moved up 
and down to help the insertion bows lift healds, while the “warp yarn supply 
bobbins” were fixed in the specific position.  
 
Figure 1.8 The sketch of the modified circular machine.14  
 
When manufacturing fabrics on this machine, the insertion bows fed the weft 
yarn into the knitting area after shedding. The weft yarn was knitted as a loop yarn 
when the needles were maintained at the working position (top). When the 
needles were maintained at the rest position (bottom), the weft yarn was woven 
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as an in-laid yarn. Due to the fixed warp yarns around the machine, the cam 
needed to rotate along the circle line.  
Figure 1.9 shows two fabric structures produced on the machine. It can be 
found that woven and knitted structures were observed on both faces of these 
fabrics. The difference of the two structures shown in Figure 1.9 was that the warp 
yarns were woven with different parts of the loop yarns, top arc (head) and 
bottom arc (feet), respectively. During the process, shedding was completed by 
the movement and shape of the insertion bows. In other words, the warp yarns 
were abraded continuously under force of the insertion bows. As a result, the 
tensile strength of the warp yarns was lower than those in a normal weaving 
machine, which had an impact on the properties such as density. The surface of 
the fabrics was uneven due to differences in the densities of the two structures. 
Additionally, the scale of this machine was much bigger than normal weaving and 
knitting machines due to the modification and the manufacturing technique.  
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(a) 
 
(b) 
Figure 1.9 The United States patent’s fabric structures (1976).14 (a) woven with the 
top arc; (b) woven with the bottom arc of loops. 
 
Another United States patent about the combination of the weaving and 
knitting machines was published in 1980.15 Blocks, similar to cams of the flat 
knitting machine, were used in a weaving machine to control the healds, and the 
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insertion system was modified as well to make it compatible with the shedding. 
The production speed was limited by the speed of the preparation of the weft 
yarns which should be rotated in shuttles. Moreover, every shuttle must adapt to 
the movement of shedding, controlled by the blocks. These limitations made this 
machine more complicated, yet less efficient. In addition, the final product was a 
normal woven fabric. 
A modified flat knitting machine was also developed to produce co-woven-
knitted (CWK) fabric,16 with a double rib structure, where the main focus was on 
shielding.16-18 The fabric was used for electrostatic discharge (ESD) and 
electromagnetic shielding. In this fabric (Figure 1.10 (a)), weft yarns were inlaid as 
the woven structure and the warp yarns were woven with the weft yarns, but not 
the loop yarns (Figure 1.10 (b)). In this fabric, the knitted structure was used to fix 
the weft yarns. Both knitted and woven structures could be observed on either 
surface of the fabric. This fabric was thicker and heavier than normal woven or 
knitted fabrics due to its double ribs structure. 
 
(a)                                                                   (b) 
Figure 1.10 The fabric structure made by Chen et al..16 (a) photo of the real fabric; 
(b) schematic of the fabric. 
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An improved method of producing CWK fabrics was published,19, 20 with the 
main focus being on reinforcement of composites.21-32 The rib knitted structure 
was used to fix the weft and warp yarns in the woven structure, and the warp 
yarns were woven with the weft and loop yarns (Figure 1.11). Compared with the 
double rib structure mentioned above, the number of warp yarns interwoven with 
weft yarns decreased within a unit cell, and they were also structurally simpler. 
The number of weft yarns between the two courses needed to be even as it was 
limited by the movement of the weft yarn feeder in their machine. Again, the two 
structures were visible on both fabric’s faces, and this fabric was thicker and 
heavier than traditional woven and knitted fabrics. 
 
    
(a)                                                       (b) 
Figure 1.11 Fabric structures made by Xu et al.. (a) structure made in 
02/03/2010;20 (b) structure made in 19/11/2008.19 
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There are some modified conventional structures which are similar to the so 
called CWK structures, such as the knitted laid-in stitches (Figure 1.12) and terry 
structure (Figure 1.13). The difference is that warp yarns were interwoven with 
weft yarns in the woven structure of those CWK, but not in the laid-in stitches. 
Moreover, warp and weft yarns were not woven or knitted with the loop yarns but 
only inlaid simply in the laid-in stitches.  
 
 
Figure 1.12 The knitted laid-in stitches.33 
 
The terry structure is often used to produce towel fabrics (Figure 1.13). It has 
loops on one or two sides of the fabrics, and these loops are made of warp yarns 
through special operations of beating-up. As the loops are not linked to each other, 
they cannot be effectively fixed by warp and weft yarns to avoid pulling out from 
fabrics. 
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Figure 1.13 The towel fabric. 
 
In summary, CWK fabrics were interlaced with woven and knitted structures, 
in which knitted structures were usually used to fix the woven structures. Both 
weft yarns and loop yarns in the CWK structures used their own yarn systems. 
Therefore, there were at least three yarns (warp yarn, weft yarn and loop yarn) in 
those structures. Both woven and knitted structures were seen on two faces of 
the fabric.  
 
1.4 Mechanical Properties of Fabrics 
When fabrics are utilized as garments, they are primarily responsible for 
protecting human body, especially the skin. Skin, consisting of the epidermis and 
the dermis, is the largest organ in the human body. It is soft enough to allow 
movement, yet tough enough to withstand breaking and tearing.34 Abrasions and 
incised wounds often occur to the skin in daily life, which might cause severe 
infection or bleeding. However, these injuries can be minimised or avoided by 
wearing suitable clothing as a protective barrier. 
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As a barrier to damage, protective clothing should absorb as much energy of 
the damage as possible. For example, skin abrasion usually occurs in less than one 
second, and the clothing endures the impacts of punch (surface cutting), stretch 
(fibre plucking) and abrasion (friction) on rough surfaces.35 In this case, clothing is 
expected to have abilities such as suitable thickness to decrease the punching 
force, high toughness to absorb the stretching energy, good structural integrity 
even after some damage and strong abrasion resistance. 
 
1.4.1 Woven fabrics 
The relationship between structural parameters of woven fabrics and physical 
properties has been investigated in a series of studies. 35-39  
The factors affecting breaking force and elongation, tear resistance, thermal 
resistance, abrasion resistance and air permeability were reviewed.36 It was 
reported that the breaking force can be enhanced by increasing the strength of 
yarn component, yarn twist, warp and weft density.36 The extensibility or breaking 
extension of woven fabrics was primarily affected by the crimp in the longitudinal 
threads and on their extension properties, specifically, the woven structures.36  
The abrasion resistance of woven fabrics was primarily influenced by surface 
properties, which were determined by geometric structure, yarns (size, twist and 
diameter), warp and weft density.36 
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The fabric abrasion mechanism was suggested, which consisted of the 
behaviour of fibres in fabrics, the general conditions of rubbing, and the relative 
magnitudes depending on the abrading nature.35 It was found that friction, surface 
cutting and fibre plucking always occurred in abrasion. Friction and surface cutting 
directly damage the fibre at the contact points, while the plucking gives the fibre 
immediate or dynamic fatigue rupture.35  Further studies showed that fabric 
structures can significantly influence the durability of the fabric without changing 
fibre materials.37 Increasing the geometric contact area between the fabric and 
rough surface showed lower rates of attrition. Fabric compliance and yarn mobility 
had negative impact on fabric abrasion resistance, while thicker fabrics gave better 
durability of garments.37 
Effect of woven structures and weft density on the physical properties of 
micro polyester woven fabrics was investigated using ANOVA statistical analysis.40 
Woven fabrics with plain, twill and satin weave structures and five different weft 
densities were measured. It was found that increasing weft density increased 
breaking load, stiffness and crease recovery, yet reduced air permeability and 
tearing strength. An increase in weft density initially increased abrasion resistance 
and breaking elongation, and then decreased them at a certain point. Moreover, 
plain weave structure had higher breaking load, elongation and stiffness than 
other structures, while there were higher air permeability for satin weaves and 
higher crease recovery of twill weaves. 
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Bending and drape properties of woven fabrics and the effects of fabric 
constructional parameters and warp tension on these properties were 
investigated.41 It was found that bending rigidities of woven fabrics increased due 
to thicker weft yarns, higher weft density and warp tension. The change of warp 
tension had no impact on the bending rigidities in the weft directions, yet affected 
the overall fabric bending rigidity. An increase in weft density and weft yarn 
thickness also increased the drape coefficient, and the warp tension did not 
change the drape coefficient. 
Based on the mechanical properties, fabric handle was investigated. It was 
found that the main factors affecting fabric handle were raw material, yarn 
structure, fabric structure and finishing treatments.42 For example, tight woven 
fabrics had higher tensile resilience and shear rigidity than knitted fabrics. 
Different bending rigidity in the warp and weft directions of woven fabrics was 
observed due to different warp and weft density or/and yarn thickness.  
Garment fit related to stresses and strains in fabrics was investigated by 
deforming it into three dimensional curvature.43 Distributions of the stress and 
strain in a piece of woven fabrics, which was considered as a spherical surface, was 
calculated. There were significant longitudinal compressive stresses in double 
curvature in woven fabrics, while shearing occurred when the woven fabrics were 
pulled by biaxial stresses along a doubly curved surface. 
With the development of the reinforced composites, application of woven 
fabrics in composites received more attention. There had been numerous studies 
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on mechanical properties of woven composites, mainly focused on impact44-49 and 
shear50-53 properties, which is outside of the scope of this study, but might be 
potential applications in future.  
Generally, there were three impact loads, namely low velocity, high velocity 
and hyper velocity impacts.48 The impact properties of composite plates laminated 
with plain weave fabrics were investigated under low-velocity impact loading, 
using 3D transient finite-element to analyse the stress state and an in-plane 
quadratic failure criterion to present initiation and location of damage.46  Authors 
found that the in-plane failure function for woven fabric laminated composites 
was higher on the top layer than on the bottom layer, but unidirectional and 
balanced symmetric cross ply laminated composites acted on the contrary. 
Ballistic impact of woven composites was a low-mass high velocity impact, 
which was a salient property of protective clothing for military and law 
enforcement personnel.47-49 Ballistic impact of 2D woven fabric E-glass/epoxy 
composites was investigated and analysed on wave theory, during which several 
damage and energy absorbing mechanisms were cleared, such as the lamination, 
shear plugging and friction during penetration. Factors highlighted were 
determination of ballistic limit, contact duration at ballistic limit, damage size and 
shape. It was found that the deformation of secondary yarns and the tensile failure 
of the primary yarns were principal energy absorbing mechanisms.48 
Shear properties are another important characteristic of woven fabrics and 
their composites. Shear rigidity and shear hysteresis in different directions of 
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various woven fabrics were analysed, using a model.50 The theoretical data and 
experimental results were compared and exhibited in the form of polar diagrams. 
It was found that there were linear relationships between shear rigidity and shear 
hysteresis in all directions, and warp and weft directions had the highest values.  
The shear resistance of glass woven reinforcements was also investigated 
using a model, which included possible simultaneous actions of shear and 
(pre)tension.52 This model could produce the shear diagrams for different woven 
structures, and several analytical parameters were achieved from the diagrams, 
such as shear force, shear angle and yarn linear density. The conclusions were that 
the model could be used for other mechanisms of the fabric resistance to 
deformation; pretension of fabrics was a factor out of control in picture frame 
tests; glass rovings of different manufacturers performed similarly; results of the 
shear response were capable for a draping simulation. 
In order to better understand or analyse these mechanical properties of 
woven fabrics, several models and methods were analysed.54-63 For the ballistic 
impact, there were analytical model based on the energy conservation,58 finite-
element model using an anisotropic damage mechanism59 and certain model to 
simulate the impact of a projectile onto a woven fabric.63 
Some properties of 3D woven fabrics were also investigated,64-66 in which 
basic woven fabrics with different layers, or woven fabrics with specific materials67, 
68 or treatment69 were studied. Certain properties received attention, such as 
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draping70 and bagging71. Moreover, artificial intelligence technology was 
employed to design the woven fabrics structure or analyse its properties.72, 73 
 
1.4.2 Knitted fabrics 
Knitted fabrics with many distinguishing characteristics have been used in 
many fields, due to a combination of high extensibility, low average modulus and 
good recovery properties.74  
Studies on the geometry and dimensional properties of flat knit fabrics have 
been carried out. It was pointed out that minimum energy conditions determine 
the knitted loop shape, while the loop length controls the dimensional and weight 
properties of knitted fabrics.75 Two mathematical models of the flat knit loop were 
published to explain dimensional properties of flat knit fabrics.76 One of them was 
only suitable for wet-relaxed fabrics, while the second model fitted to both wet- 
and dry-relaxed states. Following, a generalized geometry was proposed to 
tentatively explain the effect of loop length, fibre type and properties, and method 
of relaxation on the geometry of weft knitted fabrics.77 Due to the disadvantages 
of the assumption in previous studies, a system of localized forces and couples at 
the interlocking points of loops were taken into consideration in two and three 
dimensional analysis.78, 79 
Since flat knit fabrics show extreme flexibility due to the curvy loops, their 
dimensional stability after relaxation was investigated.80, 81 When drying at a 
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higher temperature, shrinkage and changes in shape of fabrics made of synthetic-
fibre were greater than that at static wet-relaxation treatments, while the 
hydrophilic-fibre fabrics acted in the opposite manner. The loop shape can be 
similar for all fabrics studied, only when fabrics relaxed completely. 
Tensile properties of flat knit fabrics in the course82 (using a two dimensional 
model) and wale83 (using a three dimensional model) directions were discussed 
theoretically. In the course direction, it was assumed that elastic reshape of loops 
was the only reason of geometrical changes in the fabrics. It was found that lateral 
yarn compression had great impact on the slope of load-extension curves, and the 
calculated outcomes agreed with the experimental results well for a nylon-
monofilament fabric and wool flat knit fabrics when considering the lateral yarn 
compression. In the wale direction, the deformation of three dimensional loop 
shape was applied to analyse the tensile behaviour. The results suggested that the 
calculated values were lower than those obtained experimentally from wool 
fabrics, due to frictional resistance to yarn slippage. 
The relationships between structural variables and frictional properties of 
knitted cotton fabrics (1×1 rib) were studied,84 using a new frictional constant, 
which was involved in presenting the surface mechanical properties of the fabrics. 
It was found that loop length and the yarn linear density could affect the frictional 
properties between fabrics; the variation in the properties of knitted structure was 
influenced by frictional properties. 
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In general, knitted fabrics have good fabric handle (sensory properties), which 
is based on physical properties. The friction of the woven and knitted fabrics was 
measured, using a Textile Friction Analyser and the Kawabata Evaluation System 
FB4 while the sensory properties were evaluated by panel of judges who could 
indicate the roughness of the surface and the prickle sensation.85 The friction and 
the tactile properties were compared with each other only for the knitted fabrics. 
The authors found that bending, thickness and compressibility were relevant to 
the relationship between friction and tactile properties. They also pointed out a 
lack of commonality between the friction analyser and the Kawabata surface 
tester due to the different testing conditions. Fabric handle was also studied on 
the basis of its basic mechanical properties.86 
In the  research conducted by Choil et al, eighteen pure cotton weft knitted 
fabrics with six structures (1×1 rib, half-cardigan rib, half-milano rib, interlock, 
single-pique and crossmiss interlock) and three densities (loose, medium and tight) 
were manufactured, tested and compared as outerwear, to address the effect of 
the structure and density on the mechanical and hand properties.87 The authors 
tested the mechanical properties and handle of the fabrics with the KES-F method. 
Their results revealed that both tensile properties and surface properties, such as 
the softness and smoothness of the fabrics, increased with the density, as well as 
bending and shear properties. Double ribs had better handle than the rib, and the 
best handle of fabrics belonged to half-milano rib and crossmiss interlock 
structures.  
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In order to investigate the relationship between knitted structures and tensile 
properties in a reinforced epoxy matrix composites, plain weft knitted fabrics 
made of DuPont Kevlar fibres were tested.88 Tensile strength of samples including 
single layer and multilayers was tested at different off-axial angles (0°, 30°, 45°, 60° 
and 90°) according to the wale direction. It was found that the elastic modulus and 
tensile strength had the highest values at 0°, and the values decreased with higher 
angle. Authors also studied the effect of edge and loop size on the tensile 
properties by comparing the cut and uncut four layered samples. 
It has been shown that the ultimate deformation of weft knitted fabrics under 
tension is important for reinforcements.89 A glass (136 tex) rib and a glass (136 tex) 
milano knit fabrics were chosen to be tested on a built house biaxial tester, which 
was able to determine the displacement velocity in wale and course directions. It 
was found that the ultimate deformation was subjected to the displacement ratio. 
In order to analyse the ultimate deformation, geometrical models of the rib knit 
fabric were built, which achieved the same results as the experiments. 
Since fibres in knitted fabrics are oriented in both the in-plane and thickness 
directions, their through-the-thickness properties are better than other 
composites, such as unidirectional fibre reinforced composites, woven and 
braided fabric composites.90 This gives good impact properties of weft knitted 
fabric reinforced composites. Fabrics with several structures and E glass fibres 
were prepared, and treated with epoxy under a pressure of 3 bar and a curing 
temperature of 125 Ԩfor 2 hours.91  Tensile and impact properties were tested 
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and compared, based on the value of the fracture toughness which was achieved 
by using double cantilever beam tests. It was found that the knitted fabric 
composites acted on the way of tensile and compression failure; the impact 
damage profile was determined by the anisotropy of tensile properties, and 
tomography was involved to indicate the situation of the impacted composites; 
impact energy absorbed by knitted fabric composites was more than woven fabric 
composites, and the tensile properties of the knitted fabric composites with holes 
were better than woven fabric composites with holes. 
In order to study those properties effectively, several models were built, such 
as micromechanical models for stiffness and strength,92 model of Leaf and Glaskin 
for elastic properties,93 a progressive damage model94 and an energy model95. 
Intelligent technology was also employed in the analysis and simulation of the 
knitted fabrics.96, 97 Some researchers paid attention to specific structures,98 
certain applications99 and high-tech fibres100. 
 
1.4.3 Co-woven-knitted fabrics 
Up to now, the CWK fabric structure has been mainly used for reinforcements 
and protective composites. Therefore the tensile and shielding properties of the 
CWK fabric composites have been widely investigated, and up to now there is no 
report available on mechanical, thermal or comfort properties of CWK fabrics 
suitable for clothing.  
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In order to improve the quality of co-woven-knitted composites, Chen et al. 
studied a specific CWK fabric produced with copper, stainless steel wire and 
polyamide filaments in the weaving and knitting process.16 A number of 
conductive hybrid yarns were prepared with a rotor twister and a CWK fabric was 
knitted with these yarns. Four fabrics with different angles between warp yarns in 
different layers were pressed together with total thickness of 3 mm. Several 
properties were evaluated including the surface resistivity, electromagnetic 
shielding effectiveness (EMSE) and electrostatic discharge (ESD) attenuation 
percentage of the fabrics. They found that these properties were determined by 
the amount of copper, stainless steel wires and the contact points; EMSE of all 
composite laminates was better at higher incident frequency range; composites 
produced with copper and stainless steel wires performed well in the frequency 
range from 30 to 3000 MHz. 
Later on, two test standards and one self-constructed method were used in 
the experiment to achieve a desirable EMSE, and the process of testing and the 
results were compared as well. 17, 18 Several conductive hybrid yarns were 
fabricated to produce the CWK fabrics, and the properties mentioned before were 
measured again. 
Mechanical properties of CWK fabric reinforcement composites have also 
been examined.21-32, 101, 102 Ma et al. examined tensile properties of the CWK fabric 
in three directions (0°, 45°and 90°) under quasi-static and high strain rates.23 
Several tensile parameters were discussed as well as the relationship between the 
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mechanical parameters and strain rates. And they found that the tensile failure 
under the quasi-static was primarily due to fibre breakage and matrix shear, while 
the interface failure and fibre movement were the causes at high strain rates. Xu 
et al. studied another CWK fabric composites manufactured by basalt fibre 
filaments with various linear density, which had high tenacity and modulus, and 
their results indicated a better performance of the tension in warp and weft 
directions and a higher strength of “brittle elongation breaking” on weft yarns.21 
Several models were built and specific methods were involved to analyse the 
structure of CWK composites. Xu et al. built a geometrical model for the 
representative volume element (RVE) as well as some mathematical equations to 
study relations between the geometrical parameters and process factors to verify 
the situation between calculation and measurement of yarns length.32 Ma et al. 
took the CWK fabric as a discrete system and analysed the tensile impact 
behaviours under various strain rates using a Z-transform to learn the strain rate 
sensitivity and impact properties of composites.101 Ma et al. also adopted the 
Laplace-transform theories as a way to study the tensile stress-strain curves of a 
CWK composites under quasi-static and high strain rates,27 and the results were 
compared to the ones of the Z-transform. The authors found that the digital signal 
processing (DSP) methods can be used to analyse the mechanical behaviour of 
composites. Finite element analysis was involved in the research on tensile impact 
behaviours of CWK composites on the basis of a unit-cell model.26 The results 
calculated by a software ABAQUS were compared with those obtained from the 
split Hopkinson tension bar apparatus. 
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1.5 Thermal Comfort Properties of Fabrics 
The thermal comfort property of apparel fabrics is one of the most important 
properties.103 Since temperature differentials, in some situations, exist between 
the skin and environment outside, the skin always releases heat, leading to a 
comfort or discomfort depending on the rate of heat loss. 
The mechanism and underlying principles associated with human comfort are 
quite complex and are influenced psychologically and physiologically by clothing 
and ambient conditions. The garment as a near environment of the human body 
plays a vital role in obtaining human comfort through adjusting and balancing the 
heat and moisture transfer between body and surrounding outside. The materials, 
structures and treatments of the apparel are the main factors that can define the 
thermal comfort. 
 
1.5.1 Woven fabrics 
The relationship between thermal properties and the structures of woven 
fabrics has been studied by several researchers.36, 104-106 It was reported that the 
entrapped air layer within fabrics was of great importance in determining heat flux, 
assuming a static conditions with no convection.36 This is because the media of air 
has a quite low heat conductivity. Therefore, the proportion of air to fibres in 
fabrics determines thermal resistance, which relates to the fabric structure. In 
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other words, low-density fabrics have higher thermal resistance than high-density 
fabrics. The same rule can be applied to the fabric thickness and weight.  
However, in practical, wind takes place everywhere and increases the heat 
loss from the body. Losing too much heat gives a chill feeling and discomfort. 
Therefore, air permeability for adjusting heat flow is of great importance as well. 
There are several parameters affecting air permeability, such as yarns (looseness, 
twist and count), fabric structure, cover factor, warp and weft density.105 For 
example, an increase in warp and weft density results in a decrease of pore size in 
fabrics and then a lower air permeability. 
Air permeability and thermal transmittance of woven fabrics were further 
studied by comparing three medium-weight plain weave fabrics.107 Two fabrics 
made of staple polyester (PET) had similar bulk density, but differed in fabric 
weight, thickness, yarn count and twist. Authors found that fabrics made of staple 
PET fibres showed higher air permeability and lower thermal transmittance than 
the one constructed of PET filaments. There were no significant differences in 
thermal transmittance of the two staple PET yarn fabrics, yet significant 
differences in air permeability for all fabrics. They confirmed that air space within 
fabrics was responsible for high air permeability and low thermal transmittance , 
and concluded that air permeability and thermal transmittance were controlled 
by the interaction of several yarn and fabric characteristics, such as yarn count, 
twist, fabric thickness and weight. 
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Matusiak suggested that the clothing is a key element in thermal properties 
among the three layers including the skin surface, clothing and surroundings.108 
The author investigated the thermal insulation properties of single- and multilayer 
fabrics and the relationship between those properties and various materials. 
Frydrych et al. produced several fabrics made of different structures and materials 
(cotton and Tencel) and tested the thermal properties.109 They found that the 
thermal conductivity and absorption of the cotton fabrics were higher while the 
thermal diffusion and resistance were lower. 
Fabric thermal-contact (warm/cool) feeling and heat energy dissipation 
through woven fabrics were studied.110 The woven fabrics were made from 
polyester staple-core/cotton-covered yarns and blend yarns of polyester and 
cotton. It was found that the fabric made of cotton-covered yarns was cooler to 
touch, and had lower heat energy dissipation under dry contact (non-sweating) 
conditions and higher dissipation under wet contact (sweating) conditions. The 
variations of thermal-contact feeling and heat energy dissipation for the fabric 
made of cotton-covered yarns were less than the one made of blend yarns. They 
concluded that the fabric made of cotton-covered yarns was more suitable for cold 
and dry (winter) as well as hot and wet (summer) conditions. 
Thermal insulation properties of woven fabrics were compared.111 These 
fabrics were produced with 20 tex cotton and Tencel yarns and three weave 
structures (plain, canvas and twill). It was stated that Tencel fabrics had lower 
thermal conductivity and thermal absorption than cotton fabrics, yet higher 
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thermal diffusion and resistance. The plain weave had the highest value of thermal 
conductivity and absorption than the canvas and twill weaves, yet lower thermal 
diffusion and resistance. 
Moisture transfer properties are also important to keep fabric comfortable as 
the heat loss occurring in the form of insensible perspiration under normal 
conditions takes 15% of the heat released from the body.112 Sumin et al. tested 
the water transfer properties, vapour permeability, thermal-contact feeling and 
thermal conductivity of nano fibre webs (breathable fabrics) by laundering.113 
Nano fibre web was laminated onto woven nylon fabrics, which were produced 
with 100% nylon (70d / 68f) and a density of 123 × 90 (warp × weft) per inch square. 
They found that the webs enhanced the water and thermal transfer properties of 
the material. 
In order to enhance water transport properties, plant structure emulating the 
branching structure of plants was designed.114 This type of fabric was produced 
with several layers of normal woven fabrics, in which plain weave, 2/2 matt and 
4/4 matt structures located at the top, middle and bottom layer, respectively. 
Since there was a continuous water transport pass from the bottom layer to the 
top layer due to the yarns interchanging between the layers, the plant structure 
showed good initial water absorption and moisture management properties. 
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1.5.2 Knitted fabrics 
Knitted fabrics are usually used as underwear that requires ideal comfort 
properties, such as handle and thermal properties. These properties are usually 
discussed on the basis of structures, treatments and materials. 
Yoneda & Kawabata first explained a concept of the ‘warm-cool feeling’ 
numerically, which was a first sensation of ‘warm’ or ‘cool’ when the skin touched 
fabrics.115-118 In order to investigate the thermal-contact (warm-cool) feeling of 2-
yarn fleece knitted fabrics used for outdoor garments, several fleecy fabrics were 
prepared with different combination of varying ground and loop yarns in 
accordance with yarn types, such as pure cotton and 87/13 Polyester/cotton 
blend.119 After rinsing and raising treatments, fabrics were objectively examined. 
Authors found that the raising treatment was the primary factor affecting the 
thermal contact feeling, while yarn types and fibre blend were less important.  
Thermal resistance of textile materials is commonly accepted to be largely 
determined by fabric thickness, while other factors, such as fabric density and fibre 
fineness, have less impact on the thermal resistance.120 Five knitted fabrics made 
of pure cotton, polyester/cellulosic blends and miscellaneous materials were 
evaluated. It was shown that the entrapped air was of the greatest importance in 
determining the fabric thermal conductivity, and the effect of fabric structures and 
finishing on the insulation was significant when using the same fibre type. 
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Thermal comfort properties of some knitted structures were compared.121 
Single jersey, 1×1 rib and interlock structures made from cotton and polyester 
were measured using Alambeta and Permetest devices. It was found that the 
thermal conductivity and resistance of interlock and 1×1 rib fabrics were much 
higher than single jersey. The single jersey had higher relative water vapour 
permeability and felt warmer than other two fabrics. Further research showed 
that higher yarn linear density and lower loop length generally increased thermal 
conductivity and resistance of knitted fabrics.122  
Thermal properties of fabrics with different materials (100% cotton, 50:50 
cotton : bamboo and 100% bamboo), yarn counts (30 tex, 24 tex and 20 tex) and 
structures (flat knit, rib and interlock) were tested and compared.123 It was found 
that the thermal conductivity reduced whilst the proportion of bamboo fibre 
increased; fabrics with finer yarns had lower thermal conductivity; the interlock 
fabrics achieved the highest thermal conductivity and thermal resistance. As the 
percentage of bamboo increased, the water vapour permeability and air 
permeability of the fabrics increased. Vapour and air permeability of the plain 
fabrics were higher compared to the other two structures. 
Effect of yarn properties on thermal comfort of knitted fabrics has been 
investigated.124 Yarns with different yarn count, twist and combing process were 
used to produce knitted fabrics. Thermal comfort properties, such as thermal 
resistance, thermal absorptivity, thermal conductivity and water vapour 
permeability, were measured using Alambeta and Permetest devices. It was found 
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that increasing yarn count and twist decreased thermal resistance and increased 
water vapour permeability. While the fabric made of finer yarns felt warmer, the 
fabric made of higher twist wad cooler to touch. Moreover, combed yarn fabrics 
had higher thermal conductivity, absorptivity and water vapour permeability. 
As introduced earlier, water vapour is an important way to transport heat 
from the skin to outside. Particularly at high activities or quite hot summer, 
clothing always stays in wet conditions, and liquid water is the main form of 
perspiration. Therefore, transmitting the liquid from the skin is of great 
importance to maintain comfort. 
Under heavy sweating conditions, liquid perspiration is considered to be 
transported through yarns, namely, capillary wicking.125 It was found that wicking 
ability of knitted fabrics largely depended on their structures while raw materials 
were primarily responsible for drying ability.126 
Moisture management properties, defined as the ability of a fabric 
transmitting liquid water from one face to the other, have been widely 
discussed.127-134 Cotton fabrics with single jersey in different yarn counts and 
twists were tested by “SDL ATLAS Moisture Management Tester”.129 Dynamic 
liquid transport properties of these fabrics were investigated, such as wetting time, 
maximum absorption rate and spreading speed. It was found that the yarn count 
and yarn twist coefficient had significant influence on the moisture management 
properties, and all the cotton fabrics performed well in the moisture management. 
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Liquid water management properties of knitted fabrics made from different 
wool/polyester and wool / bamboo blends were measured by Moisture 
Management Tester.132 These fabrics for the base layer of sportswear were 
constructed in single jersey. It was found that fabrics with blend yarns had better 
moisture management properties than those with pure wool and bamboo yarns. 
Specifically, fabrics with wool / polyester blends performed better as the bottom 
(outside skin) surface, while the fabrics with wool / bamboo blends had better 
surface properties on both top (next to skin) and bottom (outside skin) surface 
compared to the fabrics with pure wool or bamboo yarns. 
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1.6 Summary 
This chapter briefly introduced fabric structures and their effects on 
mechanical and thermal comfort properties. 
There are three main methods for modifying fabric functionalities; materials, 
treatments and fabric structures. Since solutions of using functional materials and 
treatments might lead to higher costs and pollution to the environment, using 
unique fabric structures seems to be a better approach, which has received little 
attention. 
Woven fabrics have a high density and perform well on tensile properties, and 
they are generally durable and stable. The surface of woven fabrics feels smooth 
and cool, and their abrasion resistance is good. Knitted structures have better 
performance than woven structures on elongation but perform worse on abrasion 
resistance and tension. And the knitted fabric feels much softer and looser than 
the woven fabric. 
Knitted fabrics feel warmer than woven fabrics, due to the rough surface. 
Knitted fabrics can trap more still air and reduce the amount of the heat transfer 
from the skin to the fabric. In other words, it has a low thermal conductivity. 
Knitted fabrics contain more space, which can absorb more moisture from the skin. 
Additionally, knitted fabrics feel so soft that they are usually the best choice for 
next to skin fabrics. Woven fabrics are suitable for outerwear, due to their denser 
structures and good mechanical properties. 
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Since knitted and woven fabrics had their own advantages and disadvantages, 
the co-woven-knitted (CWK) fabrics were developed to combine those advantages 
of woven and knitted fabrics. In CWK fabrics knitted structures usually were used 
to fix woven structures. Both weft and loop yarns in the CWK structures used their 
own yarn systems. Therefore, there were at least three yarns (warp yarn, weft 
yarn and loop yarn) in CWK structures and both woven and knitted structures can 
be seen on the both CWK fabric faces. The method for producing CWK fabrics 
limited the warp and weft density of fabrics. These shortages provided a limited 
application for CWK fabrics. 
Since CWK fabrics were mainly used for composite applications, such as 
reinforcements and protective materials, the main focuses have been devoted to 
investigating the tension, elongation, surface resistivity, electromagnetic shielding 
effectiveness (EMSE) and electrostatic discharge (ESD) properties and there is no 
report on their mechanical, thermal or comfort properties of clothing.  
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CHAPTER TWO 
 
2 Experimental Method 
In this chapter, the design of novel bifacial fabric with the asymmetric 
structures, the process and the machine for producing the bifacial fabrics are 
introduced. Several assessed properties are explained, such as mechanical and 
thermal comfort properties. 
 
2.1 Fabric Design 
A basic bifacial fabric structure was designed, as shown in Figure 2.1, and it 
required three types of yarns: warp, weft and loop yarns. The weft yarns (grey 
yarns in Figure 2.1 (b) and (c)) were knitted as a shared yarn, in both the woven 
(called the weft yarn) and knitted faces (called the loop yarn). The red yarns (Figure 
2.1 (b) and (c)) were knitted as a normal weft yarn to enhance the density and the 
fabric’s appearance on the woven face. In addition, the green yarns (Figure 2.1 (b) 
and (c)) were warp yarns.  
The basic structure in Figure 2.1 was labelled as W1 + K1.  The W represented 
the weft yarns in the woven structure, and the number one after the W was the 
number of the weft yarns in one unit cell. The K meant the loop yarns in the knitted 
structure, and the second number one was the number of the loop yarns in one 
unit cell. Accordingly, the modified structure in Figure 2.2 was marked W3 + K1, 
made of 3 weft yarns and 1 loop yarn. 
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(a)                                         (b)                                   (c) 
Figure 2.1 The basic bifacial fabric structure (W1+K1). (a) 2D sketch of the basic 
structure (1 - warp yarn, 2 - weft yarn, 3 - loop yarn); (b) 3D sketch of the knitted 
face; (c) 3D sketch of the woven face.  
 
Since some warp yarns (Figure 2.1, green yarns) cannot be effectively fixed by 
weft yarns, a modified bifacial fabric structure was designed as shown in Figure 
2.2. In the modified structure, the number of weft yarns increased to three, which 
was expected to fix the warp yarns in the place and smooth the surface of the 
woven face of the bifacial fabric. 
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(a)                                           (b)                             (c) 
Figure 2.2 A modified bifacial fabric structure (W3+K1). (a) 2D sketch of the 
modified structure (1 - warp yarn, 2 - weft yarn, 3-loop yarn); (b) 3D sketch of the 
knitted face; (c) 3D sketch of the woven face.  
 
This study and the following explanations focus on the basic bifacial fabric 
structure, unless otherwise specified. 
        
2.2 Fabrication 
To produce the novel bifacial fabric, a new semi-automatic machine was 
designed and manufactured as explained below.  
 
2.2.1 Preparation of the machine 
A flat knitting machine and a weaving machine were merged together to 
produce the bifacial fabrics. The method are explained below. 
Firstly, a single bed including a cam from a flat knitting machine (Figure 2.3 (a)) 
and a rapier weaving machine (Figure 2.3 (b)) were selected. It should be noted 
that there must be a good coordination between the gauges of the bed on the flat 
knitting machine and the reed on the weaving machine. In this project, the gauge 
of the bed was 5.5 (needles per centimetre), and the gauge length was 92.16 cm. 
One of the beds was taken off from the flat knitting machine, then was merged 
into the weaving machine. Additionally, the carrier on the flat knitting machine 
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was cut into two pieces, and one of them was placed on the merged bed to control 
the movement of the cam (needles). 
 
     
(a) 
 
(b) 
Figure 2.3 Components of the machine that was used to produce bifacial fabrics. 
(a) the flat knitting machine and (b) the weaving machine. 
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Secondly, special blocks were fixed between the bed and the weaving 
machine to achieve a suitable angle and distance between the bed and the warp 
yarns. Specifically, the needles were parallel to the warp yarns staying at a low 
position of the healds, or the angle between the needles and the warp yarns was 
alternatively less than ten degrees. After that, the cam was accurately installed to 
control all butts of needles. The distance between the cam and the bed was 
determined by the height of the butts. The distance was kept less than 0.5mm to 
prevent damage to the butts of needles and the surface of the bed.  
Additionally, the operation control system was modified. Among the original 
codes, a pause was inserted before beating-up to allow the process of the knitting 
activities to proceed. Moreover, several sensors were installed accordingly to 
collect different parameters, such as the movement of the reed and the speed of 
taking off, to control the process of production. 
Finally, warp yarns were placed on the semi-automatic machine as shown in 
Figure 2.4. During this period, there were two methods to place warp yarns onto 
the machine. The first was to take the bed off this machine and draw in as a normal 
weaving process, and then put the bed back for fabrication. The second was to 
pick the warp yarns through the bottom of the bed and roll over the breast beamer. 
The first method is suitable for wider fabrics, while the second is normally used for 
fabricating smaller fabrics. The former was involved in this study. 
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Figure 2.4 Picture of the semi-automatic machine for producing bifacial fabrics. 
 
2.2.2 Process of the production 
The procedure of producing bifacial fabrics on the semi-automatic machine is 
explained as following: 
First, a short fabric with a plain weave is produced as a start of bifacial fabrics. 
This weaving structure can make the warp yarns evenly distributed in the weft 
direction of the fabric, which allows needles to get in the gaps between every two 
warp yarns easily. 
 Second, all needles are pushed forward into the warp yarns, and the 
movement of the needles is adjusted when shedding. After that, every needle is 
inspected to fit the gap between two warp yarns in the upper layer. We do not 
need to do this in the following repetitions, as the movement of the taking-up 
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roller can confirm the exact position where the needles reach after beating-up. At 
last, those needles are pulled back to the working position. 
Third, a weft yarn is inserted, and then a device pushes this weft yarn on the 
right side of the machine into the  hook of the first needle, and the needle is 
pushed forward by the needle cam at the same time (Figure 2.5 a). During this 
process, the latch is opened. The point, where the weft yarn is inserted, is between 
the latch and the hook of the needle. After that, if the first needle successfully 
picks up the weft yarn, the others behind it can take the weft yarn easily and stably. 
If a wider fabric is produced, the weft yarn selector has to move forward to keep 
the point stable. 
 
 
(a) 
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(b) 
Figure 2.5 Fabrication process of bifacial fabrics. (a) needle at the back position; 
(b) needle at the forward position. 
 
Fourth, needles move forward and backward one by one from the working 
position under the control of the needle cam and the stitch cam. The old loops 
move from the hook to the shank of needles when needles are pushed forward, 
and the latches are opened by the old loops at the same time. As soon as the 
needles are pulled backward, the movement of the needles allows the weft yarn 
to slip into the hook, which hold the weft yarn inside and bend the weft yarn to 
shape a new loop. The needles go backward and the latch is closed by the old loop 
moving from the shank to the tip of the needle. During this period, the old loop is 
expanded due to the size of the latch, and the tension of the old loop increases. 
When the needles keep moving backward and the old loop approaches the new 
loop, the friction not only comes from needles but also the new loops. With the 
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old loop moving up, it casts off from the tip of the needle and slips over the new 
loop. Finally, a new loop with a required length is obtained when the needle 
arrives at the working position, shown as Figure 2.5 (b). 
Fifth, after all needles stand at the working position with loops in their hooks, 
beating up starts, and the cam returns from the left to right side to prepare for the 
next knitting row (course). When the reed goes forward to the position of the cloth 
fell, shedding begins at the same time for the next weft insertion. This action is 
completed in less than one second. Meanwhile, the reed pushes the weft yarns 
(loop yarns) to the cloth fell to achieve a required density. Taking-up and letting-
off happen when the reed goes back from the cloth fell. This movement takes the 
fabric away from the working area and adjusts the density of the fabric.  
Sixth, the weft insertion starts when the reed arrives at the original position 
(the final location). A new weft yarn is picked up from the weft selector on the left 
hand of the machine. After that, beating-up starts again, then shedding, taking-up 
and letting-off. The number of these repeated steps is determined by the fabric 
structure. If the structure is one knitted row plus one woven row (W1+K1), then 
this step is completed. To insert the needles into the space between the same two 
warp yarns, the number of the repeated steps should be an odd number. 
Seventh, from the third step all the steps will be repeated. 
 
56 
 
2.3 Materials 
Details of fabrics manufactured for this study are shown in Table 2.1. The 
woven fabric (plain weave) was produced on a weaving machine (CCI, Taiwan), 
and the knitted fabric (single jersey) was produced on a flat knitting machine 
(Shima Seiki SES, Japan). The bifacial fabrics were manufactured on the semi-
automatic machine according to the process as explained above.  
It is well known that materials (fibres and yarns) have significant influence on 
fabric properties, as introduced in the chapter of literature review. However, this 
project focuses on developing functional fabrics through modifying fabric 
structures. Therefore, to remove the effect of materials, the same yarns (count 
and fibres) were selected to produce the fabrics to be studied in this project.  
Properties of fabric manufactured in this study were compared to a bench-
mark fabric (BM) to provide a rough estimation where our fabrics stand in the 
existing commercial fabrics spectrum. It was difficult to find the BM fabrics in the 
market with the exact same materials and constructional parameters as fabrics in 
this thesis. Finally, a knitted fabric (single jersey) with a similar thickness was 
selected as the BM fabric. 
To investigate the differences between bifacial and conventional fabrics and 
their properties, appropriate fabrics were selected and categorised as the 
following: 
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Fabrics number 1, 2 and 5: to study the mechanical and thermal comfort 
properties of the bifacial fabric and conventional knitted and woven fabrics. 
 Fabrics number 3, 4 and 5: to investigate the effect of weft densities on the 
air permeability and total heat loss of bifacial fabrics.  
Fabrics number 6, 4 and 7: to investigate the effect of loop length on the total 
air permeability and heat loss of bifacial fabrics.  
Also, fabrics number 4, 5, 6 and 8 were involved in a factorial experiment to 
evaluate the effect of weft density and loop length on air permeability of bifacial 
fabrics. 
The results of these comparisons will be discussed in the following chapters. 
 
Table 2.1 Details of fabrics studied in this thesis. 
 
Fabric 
Warp yarns Weft/loop yarns Loop 
length(mm) 
Weft 
density 
(picks/cm) Material Count Material* Count 
1 Woven 100% polyester 56 tex 
35% acrylic 
65% wool 65 tex N/A 22 
2 Knitted N/A 35% acrylic 65% wool 65 tex 5.5 N/A 
3 W1+K1 100% polyester 56 tex 
35% acrylic 
65% wool 65 tex 5.5 14 
4 W1+K1 100% polyester 56 tex 
35% acrylic 
65% wool 65 tex 5.5 18 
5 W1+K1 100% polyester 56 tex 
35% acrylic 
65% wool 65 tex 5.5 22 
6 W1+K1 100% polyester 56 tex 
35% acrylic 
65% wool 65 tex 5 18 
7 W1+K1 100% polyester 56 tex 
35% acrylic 
65% wool 65 tex 6 18 
8 W1+K1 100% polyester 56 tex 
35% acrylic 
65% wool 65 tex 5 22 
9 BM** N/A  100% wool 75/2 tex   
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* The only difference of weft yarns (wool/acrylic) is colour, such as red and blue. 
** Benchmark fabrics were single Jersey (gauge: 14, fibre diameter: 21.9 um, and cover 
factor: 1.28). 
 
 
2.4 Characterisations 
ASTM standard test methods were applied to most of our measurements in 
this project. ASTM standards are different from ISO ones in several aspects. For 
example, in air permeability tests, the test areas in ASTM D737 can be 5, 6.45, 38.3 
and 100 cm2, while they are 5, 20, 50 or 100 cm2 in ISO 9237:1995.  
 
2.4.1 Thickness and mass per unit area 
All fabrics were washed according to standard test method ASTM D5489-14135 
in a Kenmore Washer (Sears, USA) and conditioned at standard conditions (21 ± 
1 Ԩ and 65 ± 2% relative humidity, ASTM D1776 - 08e1)136 prior to testing.  
The thickness of the fabrics was measured according to ASTM D1777-
96(2011)137 using the Absolute Digimatic ID-C 1012PB thickness gauge (Mitutoyo 
Corp, Japan), with a foot diameter of 56.42 mm and 1 kPa pressure. Ten random 
points on each conditioned sample were measured in the standard atmosphere 
(21 ± 1 Ԩ and 65 ± 2% relative humidity). During tests, the foot was gradually and 
softly placed on to the surface of samples, and readings were taken after 5 to 6 
seconds to allow the pressure to fully apply on samples. After that, the average 
thickness and standard deviation (SD) were reported.  
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Fabric weight was measured according to ASTM D3776/D3776M – 09a.138 
Samples were randomly taken from conditioned fabrics using a circular cutter 
(Zweigle by Uster, Germany) with a cutting area of 100 cm2, and each sample was 
weighted on an electrical balance XS204 (Mettler Toledo Ltd., Switzerland) in the 
standard atmosphere (21 ± 1 Ԩ and 65 ± 2% relative humidity). Then mass per 
unit area (GSM) (g/m2) was calculated for each sample. Fabric volumetric densities 
(g/cm3) were calculated based on the GSM and fabric thickness. 
 
2.4.2 Mechanical properties 
Tensile strength tests were carried out using an Instron 30 KN tensile tester 
(Instron Corp, USA) according to standard test method ASTM D5035-11.139 The 
distance between the surfaces of two jaws (gage length) was set at 75 ± 1 mm, 
and the selected testing range was 300 mm (it was quite close to the max range) 
under a loading rate of 300 ± 10 mm/min. Five samples (25 mm × 150 mm) from 
the warp direction and eight samples (25 mm × 150 mm) from the weft direction 
of preconditioned fabrics were randomly taken, and they were measured under a 
uniform pretension (less than 0.5 % of the full scale force). The load and extension 
values were recorded at an interval of 100 micro seconds when the top jaw started 
to move (when the start button was clicked in the Bluehill software), and the 
software stopped recording when the top jaw reached the position of 300 mm. 
There was no jaw slippage while testing fabrics. The load-extension curves of these 
samples were reported. 
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Abrasion resistance was measured according to standard test method ASTM 
D4966-12e1 using a Martindale Abrasion and Pilling Tester (I.D.M., Australia),140 
with sample diameter of 38 mm and 12 kPa pressure. The abradant material was 
the Martindale Abrasive Cloth SM25 (James Heal, England), which complied with 
the ASTM D4966 Table 1. During the tests in the standard atmosphere, the knitted 
and woven faces of bifacial fabrics were tested, while only the “outer” face of 
woven and knitted samples were tested. The weights of samples before and after 
specified cycles of abrasion were measured. The mass loss was then calculated 
and reported as a percentage of the mass before the abrasion. 
Bending stiffness tests were carried out on a Fabric Stiffness Tester (SDL Atlas, 
USA) according to standard test method ASTM D1388-08(2012).141 Briefly, four 
samples (25 mm × 150 mm) from the warp direction and four samples (25 mm × 
150 mm) from the weft direction of fabrics were tested. The knitted and woven 
faces of both ends of each sample were tested. Measurements in the same 
direction on the same face of samples were averaged and reported as the 
overhang length on each face of the fabric sample. Bending length was equal to 
half of the overhang length. Flexural rigidity of individual specimens was 
calculated using Equation (2.1). 
ܩ = 1.421 × 10ିହ ×ܹ × ܿଷ                                   (2.1) 
Where: G is flexural rigidity (μjoule/m); W is fabric mass per unit area (g/m2); 
and c is bending length (mm). 
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2.4.3 Moisture management properties 
The moisture management tester (MMT) (SDL Atlas, USA) was operated 
according to the AATCC Test Method 195-2011.142 The liquid water was prepared 
by dissolving 9 g of sodium chloride in 1 litre distilled water to simulate 
perspiration. Five samples (8 cm × 8 cm) were taken across the weft and course 
directions of preconditioned woven and knitted fabrics, respectively, while ten 
samples with a same size were cut from bifacial fabrics (for each knitted and 
woven faces five samples were tested). The liquid water was pumped (0.22 cm3 in 
20 seconds) onto the test surface, and measurements were taken for 600 seconds. 
The spread of the water on both faces was recorded as a function of the time that 
took to reach each of the concentric measurement rings (labelled Ring 0 – 5). The 
outstanding points of water content changes on each ring of the top and bottom 
plates were recorded along with their distribution of water content.  
 
2.4.4 Evaporative resistance 
Evaporative resistance is the resistance to the flow of water vapour from a 
saturated surface (high vapour pressure) to an environment with a lower vapour 
pressure. 
Tests of evaporative resistance were carried out using a Sweating Guarded 
Hotplate/Espec Chamber (Measurement Technology Northwest, USA) according 
to standard test method ASTM F1868-12 (part B).143 Isothermal conditions were 
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selected: the temperature of the test plate, guard section and bottom plate was 
35 ± 0.1 Ԩ, with an ambient temperature of 35 ± 0.1 Ԩ and air velocity of 1 ± 0.1 
m/s. The relative humidity was maintained at 40 ± 4 %. A membrane was placed 
on the plate to let water vapour go through fabric samples, but not the liquid 
water. After the bare plate evaporative resistance (Rebp) was obtained, three 
samples (50 cm × 50 cm) from each fabric were measured to achieve the total 
evaporative resistance (Ret). The evaporative resistance (Ret) was calculated by the 
tester using Equation (2.2). Then the resistance to evaporative heat transfer (Ref) 
provided by the sample alone was calculated by subtracting the evaporative 
resistance for the air layer and liquid barrier (Rebp) from the total evaporative 
resistance (Ret). Finally, the average of three trials was reported.  
ܴ௘௧ = ( ௦ܲ െ ௔ܲ) ஺ுಶ                                                     (2.2) 
where: Ret is the resistance to evaporative heat transfer provided by the fabric 
system and air layer (kPa·m2/W); A is the area of the plate test section (m2); Ps is 
the water vapour pressure at the plate surface (kPa); Pa is the water vapour 
pressure in the air (kPa) and HE is the power input (W). 
As all the fabrics have different weights and thicknesses, an attempt was 
made to compare them by “normalizing” the evaporative resistance against GSM 
or thickness using Equation (2.3). In the equation, the P in this section is described 
as the GSM or thickness. 
ܰ݋ݎ݈݉ܽ݅ݖ݁݀ܴ௘௙ =  ோ೐೑௉                                          (2.3) 
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where: the P is the fabric weight or thickness for the normalization. 
 
2.4.5 Contact angles 
Contact angle is an angle between a liquid and a solid (fabrics) surfaces at the 
position of their interface. Contact angle measurement is to measure the surface 
wettability of fabrics.  
The contact angle (CA) and absorption times for each fabric was measured 
using a KSV CAM 200 CA meter (KSV Instruments Ltd, Finland). Samples were 
randomly taken from fabrics and adhered to microscopic glasses by double sided 
adhesive tapes. Droplets of distilled water with a diameter of 1.80 mm (about 
0.003 cm3) were carefully placed onto the surface of the fabrics. Images of the 
droplets were captured as they were placed onto the fabric surface. The baseline 
was adjusted and the contact angle was calculated by using Attension Theta 
Software. The wetting time was also calculated when a droplet was completely 
absorbed by the surface of the fabric. Five readings for contact angle and 
absorption time from each sample were averaged and then reported. Surface 
energy was calculated using the Young-Dupré equation (Equation (2.4)).144 
E=ɀሺͳ൅Ʌሻ                                            (2.4)
Where ɶ is the surface tension of water at 20 Ԩ ĂŶĚɽ ŝƐ ƚŚĞĐŽŶƚĂĐƚĂŶŐůĞ ŝŶ
degrees. 
 
64 
 
2.4.6 Air permeability 
Air permeability testing is to evaluate the ability of air flow transferring 
through fabrics, which is presented as the amount of air transferring through 
fabrics in unit area per second. 
Air permeability was measured using Air Permeability ȼ FX 3300 (Textest AG, 
Switzerland) according to ASTM D737-04.145 The test head (area) was 5 cm2, and 
the air pressure was 98 Pa. Ten random positions on the conditioned fabrics were 
selected, which represented a broad distribution across the directions of length 
and width. Then the ten points were measured in a standard atmosphere during 
tests. Each reading in SI units as cm3/cm2/s was recorded, and the average number 
and standard deviation of ten readings were reported. 
 
2.4.7 Heat transfer properties 
Heat transfer properties through fabrics are expressed as thermal resistance 
in this thesis, which is the resistance to the flow of heat from a heated surface to 
a cooler environment.143 
Tests of thermal resistance were conducted using a Sweating Guarded 
Hotplate/Espec Chamber (Measurement Technology Northwest, USA) according 
to standard test method ASTM F1868-12 (part A).143 The temperature of the test 
plate, guard section and bottom plate was controlled at 35 ± 0.1 Ԩ, while the 
ambient temperature and air velocity were 20 ± 0.1 Ԩ and 1 ± 0.1 m/s, 
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respectively. And the relative humidity was maintained at 65 ± 4 %. After the bare 
plate thermal resistance (Rcbp) was obtained, three samples (50 cm × 50 cm) from 
each fabric were measured to achieve the total resistance to dry heat transfer (Rct) 
provided by the fabric system and air layer. The thermal resistance (Rct) was 
calculated by the tester using Equation (2.5). Then the intrinsic thermal resistance 
(Rcf) provided by the sample alone was calculated by subtracting the thermal 
resistance for the air layer (Rcbp) from the total thermal resistance (Rct). Finally, the 
average of three measurements was reported. 
ܴ௖௧ = ( ௦ܶ െ ௔ܶ) ஺ு೎                                                     (2.5) 
where: Rct is the total resistance to dry heat transfer provided by the fabric system 
and air layer (K·m2/W); A is the area of the plate test section (m2); Ts is the 
temperature at the plate surface (Ԩ); Ta is the air temperature (Ԩ) and Hc is the 
power input (W). 
As all the fabrics have different weights and thicknesses, an attempt has been 
made to compare them by “normalizing” the thermal resistance against GSM or 
thickness using Equation (2.6).  
ܰ݋ݎ݈݉ܽ݅ݖ݁݀ܴ௖௙ =  ோ೎೑ொ                                          (2.6) 
where: the Q represents the fabric weight or thickness for the normalization. 
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2.4.8 Thermal-contact feeling 
The thermal-contact feeling is a first feel of cold or warm when fabric is 
touched. The warmer it is, the less heat transfers from skin to the fabric. 
The test of the thermal-contact feeling was carried out using a Thermo Labo 
Ȼ (KES-F7, KATO Tech Co. Japan) to measure the qmax (W/cm2),116-118 which was 
defined as the initial maximum value of heat flux.146 The temperature of the 
detecting box (T-Box / test plate) was controlled at 38.2 Ԩ without a fluctuating 
more than ± 0.1 Ԩ, while the bottom temperature box (BT-Box / heat plate) was 
38.3 Ԩ. All the tests were carried out in the standard condition (21 ± 1 Ԩ and 65 
± 2 % relative humidity). Ten random positions on each sample were measured 
under a similar pressure. And the average of the ten measurements was reported 
as the qmax.  
 
2.4.9 Permeability index 
The permeability index is the efficiency of evaporative heat transport in 
clothing system. An im of zero means that no evaporative heat transfer can occur 
in the clothing system, while an im of one shows a theoretical maximum 
evaporative heat transfer in the clothing system allowed by its insulation. 
The permeability index for a fabric system alone was calculated using 
Equation (2.7). 
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im = 60 Rcf / Ref                                                             (2.7) 
where: im is the permeability index (dimensionless); Rcf is the intrinsic insulation 
value introduced in section 2.4.7, (K·m2/W); and the Ref is the intrinsic evaporative 
resistance introduced in section 2.4.4, (kPa·m2/W). 
 
2.4.10  Total heat loss 
The total heat loss is the amount of heat transferred though a clothing system 
by the combined dry and evaporative heat exchanges under specified conditions 
expressed in watts per square meter. 
Tests of total heat loss were carried out using the Sweating Guarded 
Hotplate/Espec Chamber (Measurement Technology Northwest, USA) according 
to standard test method ASTM F1868-12 (part C).143 The temperature of the test 
plate, guard section and bottom plate was controlled at 35 ± 0.1 Ԩ, while the 
ambient temperature and air velocity were 25 ± 0.1 Ԩ and 1 ± 0.1 m/s, 
respectively. And the relative humidity was maintained at 65 ± 4 % during a test.  
Once thermal resistance (Rcbp) of the bare plate was obtained, three samples 
(50 cm × 50 cm) from each fabric were measured to achieve the total resistance 
to dry heat transfer (Rct) provided by the fabric system and air layer. Then the 
intrinsic thermal resistance (Rcf) provided by the sample alone was calculated by 
subtracting the thermal resistance for the air layer (Rcbp) from the total thermal 
resistance (Rct). Finally, the average number of three measurements was reported.  
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The Ref of the sample was achieved in a similar manner as the Rcf. After the 
bare plate evaporative resistance (Rebp) was obtained, three samples (50 cm × 50 
cm) from each fabric were measured to achieve the total evaporative resistance 
(Ret). Then the resistance to evaporative heat transfer (Ref) provided by the sample 
alone was calculated by subtracting the evaporative resistance for the air layer 
and liquid barrier (Rebp) from the total evaporative resistance (Ret). Finally, the 
average of three trials was reported. 
The total heat loss of the samples was calculated using the Equation (2.8). 
ܳ௧ =  ଵ଴Ǒେோ೎೑ା଴.଴ସ ൅
ଷ.ହ଻௞௉௔
ோ೐೑ା଴.଴଴ଷହ                                            (2.8) 
where: Qt is the total heat loss (W/m2); Rcf is the average intrinsic thermal 
resistance, (K·m2/W); and the Ref is the average intrinsic evaporative resistance, 
(kPa·m2/W). 
 
2.5 Statistical Analysis 
Statistical Product and Service Solutions (SPSS Statistics 22, IBM) is used to 
analyse all the results in this study. Different methods for the analysis are utilized, 
such as independent-samples T test, one-way ANOVA and Least Significant 
Differences (LSD). All the significance of difference is investigated at a confidence 
interval percentage of 95%. The number of samples varies depending on 
experiments and the testing standards. 
In Independent Sample Test, Levene’s Test for Equality of Variance examines 
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the equality of variances assumed. If the variances assumed is equal, the P value 
for Levene’s Test is less than 0.05, otherwise more than 0.05. Following, if the 
equality of variance is confirmed, the 2-tailed difference between two groups of 
samples can be obtained. In this study, difference of properties of woven, knitted 
and bifacial fabrics were analysed using the T test as well as the difference on the 
two faces of bifacial fabrics, and these properties include contact angles, 
absorption time, evaporative resistance, air permeability, thermal-contact 
feeling and thermal resistance. 
One-way ANOVA is used to compare means of two or more groups of samples. 
It examines the statistical significance of means’ difference between different 
groups with different levels of one dependent which is affected by single factor. 
In order to use this method, the normal distribution of the dependent should be 
tested. In this study, the effect of weft density and loop length on air permeability 
of bifacial fabrics is investigated. 
Least Significant Differences (LSD) is one of the methods for comparing 
different levels in two groups to find out the difference in each pair. It should be 
noted that LSD can be used when the equality of variance is confirmed. In this 
study, air permeability with two levels of weft density and loop length are 
examined, and the difference of all pairs with different factors and levels of 
factors is evaluated using the LSD. 
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CHAPTER THREE  
 
3 Effect of Fabric Structures on Mechanical Properties 
No matter where fabrics are utilized, in garments or composites, mechanical 
properties are one of the most important aspects to allow them to withstand the 
duration of wearing, stretching and abrasion. In this chapter, appearances and 
structural characteristics are introduced firstly, and then differences of some 
mechanical properties of woven, knitted and bifacial fabrics are compared, such 
as tensile behaviour, abrasion resistance and bending length and rigidity. The 
evaluated fabrics in this chapter include the fabric number 1 (woven), 2 (knitted) 
and 5 (bifacial) as introduced in Table 2.1. 
 
3.1 Appearances 
The bifacial fabrics have unique appearance, with a knitted structure on one 
face and a woven structure on the other. 
Unlike knitted (single jersey, Figure 3.1 (a) left) and woven (plain weave, 
Figure 3.1 (a) right) fabrics, the bifacial fabric only has a knitted structure on one 
face (Figure 3.1 (b) left) and a woven structure on the other (Figure 3.1 (b) right). 
However, the surface on the woven fabric feels smoother than the woven face 
of the bifacial fabric. The vertical lines seen on the woven face of the bifacial fabric 
cannot be seen on the woven fabric. The reason is that in the bifacial structure 
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some weft yarns placed in the shed were pulled out of warp yarns by needles to 
create new loops at the intersections, and these weft yarns cannot force the warp 
yarns to bend regularly at the intersections (the white warp yarn in Figure 3.2 (b)) 
as them in the woven fabrics. The “free” warp yarns had to stay at the bottom of 
valleys on the woven face of the bifacial fabric, while those effectively controlled 
warp yarns were pulled to the peaks by weft yarns, due to the looseness of loops 
and the stiffness of weft yarns. 
 
 
(a) 
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(b) 
Figure 3.1 Appearances of (a) fabric 2 (single jersey) and fabric 1 (plain weave) 
fabrics, (b) two faces of the fabric 5 (bifacial). 
 
Figure 3.2 shows the appearances of cross-sections of the bifacial fabric. It is 
clear that there are only knitted loops or wales on the upside (Figure 3.2 (a)), and 
they are looser than the woven structure under them. The distribution of the warp 
yarns in Figure 3.2 (a) also confirms the explanation of the rougher woven surface 
mentioned above. It can be observed in Figure 3.2 (b) that the knitted loops are 
rooted in the woven structure, and the direction of fibres in the knitted loops is 
from the knitted face to the woven face.  
As a result, the woven and knitted structures were woven or knitted together, 
and the loops were shaped by pulling out the weft yarns in bifacial fabric structures. 
Both of the two structures were merged into one layer, with the bottom arcs of 
loops still knitted as the weft yarns of the woven structure, while the top arcs and 
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loop arms stood on the woven structure and linked to each other in the warp (wale) 
direction. 
 
   
(a) 
 
(b) 
Figure 3.2 Cross-sections of the bifacial fabric (fabric 5). (a) view in the warp 
direction; (b) view in the weft direction. 
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3.2 Structural Properties 
As Table 3.1 shows, the bifacial fabric (fabric 5) has the same warp density as 
the woven fabric (fabric 1), and its wale density is slightly lower than the knitted 
fabric (fabric 2), due to the contraction on the knitted fabric off knitting machines. 
The mass per unit area (GSM) of the bifacial fabric is less than the sum of GSM of 
the woven and knitted fabrics, and the same applies to the fabric thickness. 
Volumetric density of the bifacial fabric is slightly less than that of the woven 
fabrics.  
The woven structure of the bifacial fabric restricts the ability of the knitted 
loops to reach the relaxed state to the same extent as they do in the knitted fabric. 
Those loops in the bifacial fabric cannot easily relax and expand in fabric surface 
direction but in fabric thickness direction, leading to higher thickness than the 
knitted fabric (Table 3.1). This also results in a denser knitted structure of the 
bifacial fabric with more loops in a unit volume than the knitted fabric in this study, 
as the loops are fixed by the woven structure in the bifacial fabric. Since the woven 
structure of the bifacial fabric is the same as the woven fabrics, volumetric density 
of the bifacial fabric with both the woven and knitted structures is higher than the 
knitted fabric, yet still lower than the woven fabric. 
 
Table 3.1 The measured structural properties (mean ± standard deviation) of 
fabrics introduced in Table 2.1. 
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Fab
ric 
Face/Woven face Back/Knitted face 
GSM 
(g/m2) 
Thicknes
s (mm) 
Volumetric 
density 
(g/cm3) 
Warp 
(threads
/cm) 
Weft 
(picks/
cm) 
Course 
(courses
/cm) 
Wale 
(wales
/cm) 
Loop 
length 
(mm) 
1 11 22 N/A N/A - 203 ± 2.3 
0.86 ± 
0.01 0.237 ± 0.003 
2 N/A N/A 10 7 5.3 ± 0.2 
246 ± 
4.1 
1.23 ± 
0.03 0.199 ± 0.003 
5 11 13 13 5.5 5.9 ± 0.3 
400 ± 
4.5 
1.73 ± 
0.03 0.231 ± 0.003 
 
3.3 Tensile Behaviour 
Since bifacial fabrics are novel fabric structures, the load-extension curves of 
all samples in both warp and weft directions are exhibited in Figure 3.3.  
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(b) 
Figure 3.3 Load-extension curves of the bifacial fabric (fabric 5). (a) five specimens 
in the warp direction; (b) eight specimens in the weft direction. 
 
Typical load-extension curves of the woven, knitted and bifacial fabrics are 
collected from original results (e.g. bifacial fabric curves are from Figure 3.3) to 
find out their differences. As illustrated in Figure 3.4 (a) and (b), the load-extension 
curves of the bifacial fabric show two peaks along both the warp and weft 
directions of the fabric, and it differs from the woven and knitted fabrics with only 
one breakage. The differences of the curves are expected to be caused by different 
fabric structures, and not by the materials. Because the woven, knitted and bifacial 
fabrics were manufactured with the same yarns as shown in Table 2.1, and the 
curves of the bifacial fabric agreed with the peaks of the woven and knitted fabrics 
very well. 
When testing the bifacial fabric specimens in the warp direction, slight 
slippages were observed before the first breakage as shown in Figure 3.4 (a). This 
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was because some of the warp yarns were not tightly fixed by weft yarns as 
explained earlier, and the higher fabric thickness deteriorated the slippages of the 
warp yarns. This did not occur on the woven fabric, which had tightly fixed yarns 
and lower fabric thickness. However, slippages here had little influence on the 
completion of tests and qualitative evaluation of differences among three fabrics. 
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(b) 
Figure 3.4 Typical load-extension curves of fabric 1 (woven, thin line), fabric 2 
(knitted, dash line) and fabric 5 (bifacial, thick line). (a) warp direction; (b) weft 
direction. Curves of the bifacial fabrics are from Figure 3.3. 
 
Generally speaking, the woven structure has straighter warp and weft yarns, 
resulting in higher break force and lower elongation, while the curved nature of 
loops allows the knitted structure to have lower break force and higher elongation. 
Along with the observation during tests, the warp or weft yarns in the woven 
structure were broken prior to the loop yarns in the knitted structure in both 
directions. Therefore, the first peak represents the tensile performance of the 
woven component, and the second peak is corresponding to the knitted 
component in the bifacial fabric. The two peaks are similar to that of the woven 
and knitted fabrics, respectively. 
In the warp direction, the second peak of the bifacial fabric is far away from 
the first one (Figure 3.4 (a)). The remaining knitted loops were almost free in the 
broken area after all warp yarns were broken (first peak), which was shown by the 
load value (close to zero N) around the extension of 50 mm. Because the loop arms 
had to bend heavily over the weft yarn to catch the next loop along the warp 
direction, and they released the bending parts when the warp yarns were broken. 
Moreover, less wales (5.5 wales/cm, Table 3.1) on the limited width of specimens 
caused reshaping and movement of the loops in the knitted structure.88 After the 
first peak occurred, the broken area was so loose that loop yarns could slip and 
move over one another, leading to a higher elongation in the second peak. Actually, 
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the width of the bifacial fabric specimen decreased sharply in this period, while 
the length of the bifacial fabric specimen increased substantially until breakage 
occurs.  
In terms of the weft direction (Figure 3.4 (b)), there were more loop yarns (13 
courses/cm, Table 3.1) in the broken area of the bifacial fabric specimen after weft 
yarns in the woven structure broke. These loop yarns let the bifacial fabric perform 
well on the height of the second peak. However, the smaller wale density of the 
bifacial fabric (5.5 wales/cm, Table 3.1) resulted in a lower elongation of the 
second peak along the weft direction (approximately 80 mm in Figure 3.4 (b)). 
Specifically, lower wale density gave higher tension of loop yarns, due to less 
contraction than the knitted fabric (see wale density in Table 3.1), as knitted loops 
were fixed by the woven structure. During tensile tests, the two ends of specimens 
(loop yarns) were held by the clamps of the tensile tester, and the loops were so 
tight that they could not supply extra yarns for the elongation of the specimen. In 
other words, loops could not be easily reshaped and pulled out from one to 
another, leading to a lower elongation of the second peak.  
 
3.4 Abrasion Resistance 
In abrasion resistance tests, the unique structure of the bifacial fabric allowed 
the fabric to perform in different ways on each face (Figure 3.5).  
The mass loss percentage on the knitted face of the bifacial fabric increased 
rapidly after 20,000 cycles, which was much quicker than the knitted fabric. When 
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all loops on the knitted face of the bifacial fabric were broken, although the 
remaining weft yarns were still woven with warp yarns, these weft yarns could not 
effectively fix warp yarns, but only separate the warp yarns into two layers (Figure 
3.6 (b) left). At this moment, the woven structure could not hold the loop yarns 
any more. Hence the broken loops were very easy to be removed and weight loss 
occurred sharply with continuous abrasion.  
 
Figure 3.5 Mass loss percentage of fabric 1 (woven), 2 (knitted) and 5 (bifacial) 
under abrasion. (Ŷ-fabric 2, Ŷ-fabric 1, Ŷ-ŬŶŝƚƚĞĚĨĂĐĞŽĨĨĂďƌŝĐϱ͕ප-woven face of 
fabric 5) 
 
As explained earlier, the woven face of the bifacial fabric was rougher than 
the woven fabric, which deteriorated the abrasion resistance on the woven face. 
Although the mass loss percentage on the woven face of the bifacial fabric was 
slightly lower, due to higher fabric weight (Table 3.1), than that of the woven fabric 
after 20,000 cycles, its actual mass loss was greater. This was proved by the fact in 
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the red square in Figure 3.6 (b) right. In the square area, the weft yarns were much 
thinner than that before abrasion, in which fibres were broken and removed. 
However, since weft yarns in both the woven fabric and the woven face of the 
bifacial fabrics were tightly fixed, the woven face of the bifacial fabrics still 
maintained structural integrity and performed in almost the same manner as the 
woven fabric through the abrasion testing process until fabric breakage (Figure 
3.5). 
 
(a) 
(b) 
Figure 3.6 Appearances of fabrics after abrasion. (a) fabric 2 (knitted) and 1 
(woven); (b) knitted and woven faces of fabric 5 (bifacial). 
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Images in Figure 3.6 (b) show a negative abrasion result on the knitted face of 
the bifacial fabric (fabric 5). This is, as explained earlier, due to the bifacial fabric 
structure. The loop yarn was one of two weft yarns in one unit of the plain weave 
(Figure 2.1), so the fabric structure would be thoroughly destroyed if one of the 
two weft yarns was taken away. However, this would not happen on the knitted 
face of the modified structure (Figure 2.2), because the loop yarn was one of four 
weft yarns in one unit of the modified structure. Even though the loop yarn broke, 
the other three weft yarns could still maintain the structural integrity on the 
woven face. 
 
3.5 Bending Stiffness and Rigidity 
The bifacial fabrics (fabric 5) are generally stiffer than knitted (fabric 2) and 
woven fabrics (fabric 1) (Figure 3.7). However, the bending length on the knitted 
face along the weft direction of the bifacial fabric is smaller than that of the woven 
fabric, yet greater than that of the knitted fabric. This is considered to be caused 
by the unique structure, particularly, the thickness and interaction between the 
knitted and woven structure of the bifacial fabric.  
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(a) 
 
(b) 
Figure 3.7 (a) bending length and (b) flexural rigidity of fabric 2 (knitted, grey), 
fabric 1 (woven, white) and fabric 5 (bifacial, black). 
 
In the warp direction of the bifacial fabric, the interlinked structure (woven 
structure or wales in the knitted structure) on the upside prevents the specimen 
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from bending (pulling the top face), and the thickness of fabrics enhances this 
effect. The interaction of them results in a higher stiffness in the warp direction. 
In the weft direction with the knitted face (“outer” face for knitted and woven 
fabrics) placed up, the wales on the knitted face are separated, and they cannot 
push or pull the fabric on the surface. Therefore, the woven structure on the back 
side has more important impact on the bending length. In the woven structure of 
the bifacial fabric, there are 13 weft yarns and 13 loop yarns per centimetre (Table 
3.1). Because of the curved nature, the loop yarns (only bottom arcs of loops 
actually) are weak to affect the bending length, which is also the reason for the 
lowest bending length of the knitted fabric. So the number of the weft yarns 
determines the bending length. In this way, the woven fabric with the highest weft 
density (22 picks/cm, Table 3.1) has the longest bending length. With a weft 
density of 13 picks/cm (Table 3.1), the bending length of the bifacial fabric in the 
weft direction with its knitted face placed up should be between the woven and 
knitted fabrics.  
In the weft direction with the woven face up, the bending length of the bifacial 
fabric is explained by a schematic shown in Figure 3.8. The knitted wales on the 
knitted face of the bifacial fabric are closer to each other and push on each other 
when the fabric is bent towards the knitted face along the weft direction. 
Meanwhile, the woven structure (upside) will pull the bending part. The 
interaction of them increases the bending length on this situation.  
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Figure 3.8 Bending model of bifacial fabrics in the weft direction with the woven 
face up. 
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3.6 Conclusion 
The bifacial fabrics showed a unique appearance with a woven surface on one 
face and a knitted surface on the other. The thickness of the bifacial fabric was 
found to be less than the sum of woven and knitted fabrics, and its volumetric 
density is similar to the woven fabric.  
Since the novel bifacial structure was a combination of the woven and knitted 
structures, the tensile behaviour of bifacial fabrics was unique, with two tensile 
peaks and a relatively high toughness along both the warp and the weft directions. 
The two peaks represented the breakages of the woven and knitted components 
in the bifacial fabric.  
Bifacial fabrics demonstrated unique abrasion resistance, combining the 
performances of the knitted and woven fabrics. The bending stiffness of bifacial 
fabrics was also unique, and dependent on whether they are bent towards the 
knitted or woven face. 
The unique structure, high toughness and strong abrasion resistance of 
bifacial fabrics make these novel fabrics suitable for a range of demanding 
applications, such as protective garments. 
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CHAPTER FOUR  
 
4 Heat Transfer Properties of Bifacial Fabrics 
In this chapter, heat transfer and thermos-physiological properties of woven, 
knitted and bifacial fabrics are investigated. Air permeability, thermal-contact 
feeling of fabrics and thermal resistance and finally permeability index and total 
heat loss are investigated. Fabrics to be studied in this chapter include woven 
(fabric number 1), knitted (2), bifacial (5) and bench mark (9) fabrics introduced in 
Table 2.1. 
 
4.1 Air Permeability 
The mass per unit area (GSM) and thickness, as well as the calculated 
volumetric density of the three fabrics are given in Table 4.1.  
 
Table 4.1 Mass/area, thickness, and volumetric density of woven (fabric 1), knitted 
(fabric 2) and bifacial (fabric 5) fabrics. 
 
Fabric 
Loop 
length 
(mm) 
Weft density 
(picks per cm) 
GSM* 
(g/m2) 
Thickness 
(mm) 
Volumetric 
density 
(g/cm3) 
Woven N/A 22 203 ± 2 0.86 ± 0.01 0.237 ± 0.003 
Knitted 5.5 N/A 246 ± 4 1.23 ± 0.03 0.199 ± 0.003 
Bifacial 5.5 22 400 ± 4 1.73 ± 0.03 0.231 ± 0.003 
*Weight per unit area; 
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Table 4.2 shows the mean and standard deviation (SD) of air permeability for 
woven, knitted and bifacial fabrics studied in this chapter. While statistical analysis 
shows significant differences between the air permeability of woven, knitted and 
bifacial fabrics (p < 0.05), there was no statistically significant difference in air 
permeability between two faces of the bifacial fabrics (p = 0.233 > 0.05). Therefore, 
only the average results of two faces of the bifacial fabrics are presented in Table 
4.2. 
 
Table 4.2 Actual and normalized air permeability values of woven (fabric 1), 
knitted (fabric 2) and bifacial (fabric 5) fabrics. 
 
Fabric 
Air permeabilitya 
(cm3/cm2/s) 
(mean ± SD) 
Air permeability/unit 
thickness*b 
(cm3/cm2/(s·mm)) 
Air permeability/unit 
weight/unit area** c 
(cm3/cm2/(s·g/cm2)) 
Woven 44 ± 4 51 ± 4 2143 ± 188 
Knitted 114 ± 4 93 ± 3 4648 ± 161 
Bifacial 33 ± 1*** 19 ± 0.4*** 833 ± 17*** 
a, b and c The difference between three fabrics is statistically significant at the 0.05 level. 
*Normalized for thickness; 
**Normalized for mass/area (GSM); 
 
Since knitted fabrics are produced with intermeshed loops, and these loops 
have heavily bent yarns which expand the knitted structure. It means that there 
are generally more large pores within knitted structures than woven fabrics, and 
these aisles (pores and spaces) allow easy airflow through the knitted structures. 
Therefore, it is not surprising that the knitted fabric has higher air permeability 
than the woven fabric, as shown in the previous researches.107, 147, 148   
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The air permeability of the bifacial fabric was slightly lower than the woven 
fabric, and the difference was significant (Table 4.1). The difference of the 
normalized air permeability (Equation 2.6) of fabrics is also significant (p < 0.05) 
(Table 4.2). The bifacial fabric is a combination of the woven and knitted structures. 
Therefore, the woven structure in the bifacial fabric should have similar air 
permeability to the woven fabric. Adding the knitted structure to the woven 
structure in the bifacial fabric provides an extra barrier to the air flow, thus air 
permeability decreases and leads to a lower air permeability on the bifacial fabric 
compared to the woven fabric. 
 
4.2 Thermal-contact Feeling 
The results of thermal-contact feeling measurements of woven, knitted and 
bifacial fabrics are given in Figure 4.1. The qmax is the initial maximum value of heat 
flux in a skin/material system, which is observed very shortly after fabric contact 
with the skin.146, 149 According to the definition, a higher qmax means a higher 
maximum value of heat flux (heat loss) from the skin to the fabric in a short time. 
As tested by the Thermo Labo Ȼ, the faster (the higher qmax) the heat transfer 
occurs from the test plate (the skin) to the fabric, the cooler the fabric feels. As 
expected, the woven fabric is cooler to touch than the knitted fabric. Interestingly, 
both faces of the bifacial fabric are warmer to touch than the knitted fabric (Figure 
4.1). 
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Figure 4.1 The initial maximum value of heat flux (qmax) of woven (fabric 1), knitted 
(fabric 2) and bifacial (fabric 5) fabrics used in this study. 
 
The woven and knitted fabrics (two faces of bifacial fabrics) were produced 
with similar yarns made of wool, acrylic and polyester fibres (Table 3.1, weft yarns 
made of wool and acrylic, warp yarns made of polyester). The thermal conductivity 
of polyester is slightly lower than wool and acrylic, while the wool and acrylic have 
similar thermal conductivity.120 Materials with a lower thermal conductivity have 
higher resistance to heat flux and thus feel warmer when the contact area is 
similar. From the fabric structures (Figure 2.1 and Figure 3.2), it can be seen that 
warp yarns with pure polyester exist only in the woven face of the bifacial fabric. 
Therefore, it can be suggested that the woven face made of wool, acrylic and 
polyester fibres would feel warmer than the knitted face made of only wool and 
acrylic fibres if the contact areas on the “outer” faces of the woven and knitted 
faces of bifacial fabrics are similar to each other. 
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However, the thermal-contact feeling of a fabric is mainly determined by its 
surface structure rather than by the fibre type, and the contact area is primarily 
responsible for the heat flow rate.103 For example, increasing the surface area of 
the contact increases the heat flow from the skin, thus the fabric feels cooler. In 
this study, the surfaces of knitted fabrics are much rougher than woven fabrics 
due to the curved loops. The smoother surface of the woven fabric provides a 
larger contact area in contact with skin, while the knitted fabric with a rougher 
surface has less contact area. Therefore, due to the larger contact area on the 
woven fabric, the amount of heat transferring from the skin to the woven fabric is 
more than the knitted fabric, and thus the woven fabric feels cooler.150 
In the basic bifacial structure, the loops are shaped by pulling out the weft 
yarns at the intersection points where the weft yarns are used to fix the warp yarns. 
In this way, the warp yarns at the intersection points of the bifacial fabric may not 
be effectively fixed, and these warp yarns do not bend as normal warp yarns in 
woven fabrics. The other warp yarns cannot bend regularly as well due to the 
looseness of loops. Therefore, as shown in Figure 3.2 (a), warp yarns of the bifacial 
fabric are separated into two layers, which provides a rougher woven face than 
the traditional woven fabric. The rougher woven face gives a smaller contact area 
when the woven face of the bifacial fabric is touched, thus feels warmer than the 
woven fabric.   
Unlike traditional knitted fabrics, wales in the knitted face of the bifacial fabric 
are not close to each other (Figure 3.2 (a)). This is due to the fact that in bifacial 
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fabrics wales are fixed by warp and weft yarns in the woven structure (Table 3.1, 
lower wale density). By contrast, the knitted fabric has higher contraction after 
removal from the flat knitting machine, which means that the distance between 
courses and wales decreases.  
Since the loops are fixed by the weft and warp yarns of the bifacial fabric, the 
course density of the knitted fabric (Table 3.1, 10 courses/cm) is less than the 
bifacial fabric (13 courses/cm). Therefore, the wale density of the knitted fabric 
(Table 3.1, 7 picks/cm) is higher than the bifacial fabric (5.5 picks/cm), and the 
knitted fabric has more wales in the same unit area. It results in a larger contact 
area than the knitted face of the bifacial fabric, leading to a cooler feeling of the 
knitted fabric. 
For the fabrics produced in this study, the difference of thermal-contact 
feeling on two faces of the bifacial fabric is not significant (p = 1.0 > 0.05) as shown 
in Figure 4.1. This might be caused by similar contact area on two faces as 
discussed above. 
 
4.3 Thermal Resistance  
The thermal resistance values of the fabrics are given in Table 4.3. Because of 
the nature of the loops’ curve in knitted fabrics, there is normally more pores in 
knitted fabrics than woven fabrics, as explained in section 5.1. These pores can 
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trap still air within the knitted fabric. Since still air has higher resistance to heat 
conduction,120 this enhances the thermal resistance of the knitted fabric. 
Thermal resistance of the bifacial fabric is higher than the woven and knitted 
fabrics. Since the thermal resistance was measured in an isothermal circumstance 
which was a steady state condition, heat convection and radiation can be 
neglected. While heat conduction is the main form of heat transferring through 
fabrics in the steady state condition, the fabric weight and thickness are more 
important for the resistance to heat flux. 120, 151-153 The bifacial fabric is much 
heavier and thicker than the other two fabrics (Table 3.1), leading to a higher 
thermal resistance. In addition, the higher thickness provides more still air 
entrapped in the bifacial fabric, which is also responsible for the higher thermal 
resistance.154 
 
Table 4.3 Actual and normalized thermal resistance (Rcf) values of woven (fabric 
1), knitted (fabric 2) and bifacial (fabric 5) fabrics. 
 
Fabrics Rcf (K·m2/W) 
Rcf (t)* 
(K·m2/(W·mm)) 
Rcf (GSM)** 
(K·m2/(W·g/cm2)) 
Woven 0.032 ± 0.001 0.038 ± 0.002 1.59 ± 0.07 
Knitted 0.034 ± 0.001 0.028 ± 0.001 1.41 ± 0.03 
Bifacial knitted face downa 0.042 ± 0.002 0.024 ± 0.002 1.06 ± 0.07 
Bifacial woven face downa 0.050 ± 0.001 0.029 ± 0.001 1.26 ± 0.03 
*Normalized for thickness; 
**Normalized for mass/area (GSM). 
a The difference between two faces is statistically significant at the 0.05 level. 
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As all fabrics have different weights and thicknesses (Table 3.1), thermal 
resistance was normalized (Equation 2.6) against GSM and thickness to further 
compare these fabrics (Table 4.3).  
When normalised for thickness and weight, the bifacial fabric has slightly 
lower thermal resistance than the other fabrics. As discussed above and due to 
the existence of the thicker air layer within the structure, the higher thickness and 
GSM of the bifacial fabric result in a higher thermal resistance. After normalization, 
the thickness or GSM of all fabrics is considered similar. The air entrapped in the 
bifacial fabric will decrease with the same ratio as the deduction of its thickness 
or GSM. Due to the higher volumetric density, the air layer in the bifacial fabric is 
less than the other two fabrics after normalization, leading to a lower thermal 
resistance on bifacial fabrics. 
The difference observed in the thermal resistance between the two faces of 
the bifacial fabric was statistically significant (p = 0.01 < 0.05).  
The bifacial fabric has similar air permeability on the two faces (section 5.1). 
The bifacial fabric has the same yarn blends and similar thermal conductivity on 
two faces, and the thermal-contact feeling (contact area) is similar to each other 
as discussed in the section 5.2. Therefore, the difference in thermal resistance is 
expected to be caused by the different morphologies of the two faces of the 
bifacial fabric (Figure 4.2).  
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The cross-sections of the bifacial fabric (Figure 3.2) show that loops (wales) 
are wider and higher on the knitted face than the asperities on the woven face, 
and the spaces between wales on the knitted face are wider and deeper as well. 
It suggests that more still air can be trapped in the knitted face than in the woven 
face. 
With the woven face adjacent to the hot plate and the knitted face in the air 
stream (Figure 4.2 (a)), the heat transfers not only from the top of the loops to air 
stream, but also from the bottom of spaces between wales. As for the former part, 
the amount of heat transferring from the top of loops is similar to the woven face 
due to a similar contact area as discussed in section 5.2. However, the heat 
transferring from the bottom of the spaces on the knitted face and asperities on 
the woven face is different, which is determined by the thickness of the entrapped 
air layer. The air layer in the knitted face is thicker than the woven face, so there 
is less heat conduction from the bottom of the spaces. As a result, the bifacial 
fabric with its woven face is down has a higher thermal resistance than with its 
knitted face down. 
 
 
(a) 
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(b) 
Figure 4.2 The morphology of the bifacial fabric (fabric 5) on the hotplate with (a) 
woven face down and (b) knitted face down for thermal resistance. 
 
In the reverse orientation (Figure 4.2 (b)), the two faces have similar contact 
areas. Therefore the heat conduction, transferring from the peak of asperities on 
the woven face to the air stream, is similar to the heat conduction on the knitted 
face transferring from the top of loops to the air stream. However, the air layer 
trapped by the rough woven face are thinner. As explained above, more heat can 
transfer through the air layer from the bottom of asperities to the air stream, and 
the air stream can take the heat away easily, leading to a lower thermal resistance. 
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4.4 Conclusion 
In this chapter, the heat transfer properties of the woven (fabric 1), knitted 
(fabric 2) and bifacial (fabric 5) fabrics were studied. The key findings are 
summarised below. 
x The knitted fabric showed the highest air permeability, while the air 
permeability of the bifacial fabric was less than that of the knitted and 
woven fabrics.  
x The bifacial fabric illustrated warmer feeling than the knitted and 
woven fabrics alone when touched, while the woven fabric felt cooler 
than both knitted and bifacial fabrics.  
x The thermal resistance of the bifacial fabric was higher than the woven 
and knitted fabrics, due to its higher thickness and weight. The 
difference between two faces of the bifacial fabric was statistically 
significant.  
As a result, heat transfer properties of the woven, knitted and bifacial fabrics 
are mainly determined by fabric porosities, while the thermal contact properties 
are dependent on fabric surface structures. Due to the complex pore structures 
inside fabric and their importance for other properties, fabric porosities will be 
further investigated in a future study. 
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CHAPTER FIVE 
 
5 Moisture Transfer Properties of Bifacial Fabrics 
Moisture transport through a garment plays a major role in thermal comfort 
properties, which affects the clothing microclimate and the body response.155 In 
this chapter, moisture transfer properties, such as contact angles, liquid water and 
water vapour transfer properties, are assessed, and the evaluated fabrics include 
fabric number 1 (woven), 2 (knitted) and 5 (bifacial) fabrics introduced in Table 2.1. 
 
5.1 Contact Angle 
The contact angle (CA) was used to evaluate the wetting properties and 
surface energy of fabrics. The measured contact angles of all fabrics were similar 
(Table 5.1) due to the same fibre content on two faces (Table 2.1).  
Bifacial fabrics were produced with warp, weft and loop yarns. The fibre 
content of warp yarns is pure polyester, while the weft and loop yarns are made 
of wool and acrylic in this study. According to the bifacial structure, all of the yarns 
(bottom arc of loop yarns) can be seen on the woven face, while only weft and 
loop yarns can be observed on the knitted face. 
Normally, synthetic fibres, such as polyester and acrylic, have better 
hydrophobic than natural fibres. However, wool is born to be hydrophobic, due to 
the lipids on the epicuticle of wool fibre surface.156, 157 It means that all of the 
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polyester, acrylic and wool fibres in this study are hydrophobic. Therefore, with 
similar yarn content, the water contact angles of all fabrics and on two faces of the 
bifacial fabrics are similar. 
Table 5.1 The contact angles (CA) (mean ± SD), absorption time and surface energy 
of woven (fabric 1), knitted (fabric 2) and bifacial (fabric 5) fabrics. 
 
Fabrics CA (°) Absorption time (s) Surface energy (mJ/m2) 
Woven 120.0 ± 9.0 30 36.3 ± 10.0 
Knitted 124.2 ± 3.5 >120 31.6 ± 3.6 
Bifacial knitted face 123.4 ± 6.1 >120 32.6 ± 6.3 
Bifacial woven face 122.1 ± 2.9 >120 33.8 ± 3.1 
 
However, the absorption time for the woven fabric was significantly less than 
the other fabrics (p < 0.05). In normal woven fabrics, warp and weft yarns bend 
regularly to contain and fix each other. Even though the plain weave is usually 
rougher than some of other woven structures, the woven fabric with the plain 
weave in this study is smoother than the knitted and bifacial fabrics as explained 
in chapter 3. The smoother surface of the woven fabric gives a greater “actual 
surface” of a liquid-solid interface, resulting in an increase of net energy.158 The 
higher net energy increases water spreading on the woven fabric, leading to a 
shorter absorption time. 
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5.2 Liquid Water Transfer Properties  
The results of MMT testing are shown in Figure 5.1. Figure 5.1 (a) shows the 
water spreading on both faces of the woven fabric, while Figure 5.1 (b) shows it 
on the knitted fabric. The rate of water spreading on the woven fabric was much 
greater than it on the knitted fabric. This is likely due to the differences in the 
surface energy of the fibres used to make up these fabrics (Table 2.1), and the 
differences in the volumetric density as well as the smaller capillaries in the woven 
fabric.  
Liquid water is transferred mainly though fibre bundles, named wicking or 
capillary,125 and it is easier and faster for liquid water to move along the fibre’s 
axial direction than across fibres. The woven fabrics with much straighter warp 
and weft yarns than loop yarns in knitted fabrics have advantages for water to 
spread in the woven structure, resulting in a faster wetting and a greater wetting 
radius. By contrast, the degree of spreading on the knitted fabric was less, with 
the water not even making to the outermost ring on the tester, due to the curved 
loops and the way of these intermeshed loops. Loop yarns are knitted from one 
face to the other of the knitted fabrics in thickness direction, and the link of loops 
in course and wale directions is not as strong as woven fabrics (warp and weft 
directions). 
The greater thickness and lower density of the knitted fabric mean that there 
is a great volume of air space within the fabric, which can act as a buffer to reduce 
the rate of transfer of water between the two faces, as shown by the slope in 
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Figure 5.1 (b). The wetting radius on the back face of the knitted fabric was less 
than it on the test face. Once the water merged into the test face of the knitted 
fabric, most of it can be entrapped in the knitted structure, while less water 
transferred through the knitted fabric and spread on the back face, leading to a 
smaller wetting radius. 
The bifacial fabric exhibited unique behaviour when water was placed on the 
test face (Figure 5.1 (c) and (d)). As with the conventional fabrics, the rate of water 
spreading on the knitted face was less than on the woven face, and the degree of 
spreading was also less than the woven fabric.  
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Figure 5.1 Water spreading with time on both faces of fabrics (Ŷ – test face; Ÿ – 
back face). (a) woven (fabric 1); (b) knitted (fabric 2); (c) woven face of the bifacial 
(fabric 5) fabric; (d) knitted face of the bifacial (fabric 5) fabric. 
 
With water placed on the knitted face of the bifacial fabric (Figure 5.1 (d)), the 
initial spread was quite slow on that face (as observed in Figure 5.1 (b)), but once 
it had penetrated through to the woven face, the spread was quite rapid (as 
observed in Figure 5.1 (a)). In less than two minutes the spread on the woven face 
was greater than that on the knitted face. Interestingly, the water did not spread 
to the outermost ring on either face. This is probably due to the greater thickness 
and larger inter-yarn spaces inside the bifacial fabric, which also enables it to 
absorb a large amount of liquid water.159, 160  
With water placed on the woven face of the bifacial fabric (Figure 5.1 (c)), the 
spread was quite rapid on that face. Interestingly it took less time for the water to 
penetrate through to the knitted face, where a similar spread pattern to that 
observed above occurred. As discussed earlier, water wetting rate on the surface 
of woven fabrics is quite faster than that on knitted fabrics, and the rule can be 
applied to the case of the bifacial fabric. The cross-sections of bifacial fabrics show 
that loop yarns are rooted in the woven structure, and the denser woven structure 
makes sure that most of water transfers through capillaries within yarns including 
loop yarns, instead of filling pores in the knitted structure of the bifacial fabric. 
This leads to a shorter water penetration time from the woven to the knitted face. 
104 
 
It should be noted that the wetting time observed here differs from the 
absorption time observed for the contact angle measurements. The differences 
arise because the MMT uses a salt solution and 0.22 cm3 of liquid, whereas the CA 
uses distilled water and 0.003 cm3 of liquid. 
 
 
(a)                                                        (b)
Figure 5.2 Water content change on two faces of the bifacial fabric (fabric 5). (a) 
water placed on the knitted face; (b) water placed on the woven face. In these 
images, higher water content is signified by a brighter shade of blue. 
 
Figure 5.2 shows a range of images that display the wet radius and the water 
content on the two faces of the bifacial fabric. In these images, higher water 
content is signified by a brighter shade of blue.  
To confirm that the difference in water absorption on the woven and knitted 
sides of the bifacial fabric was not due to the different yarns (Table 2.1) used to 
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make the fabric, we prepared a separate bifacial fabric sample from yarns with the 
same fibre composition of 65/35 polyester/cotton, which is a common blend. We 
then tested the water spreading behaviour of the bifacial fabric with ink-coloured 
water (Figure 5.3).  
A water droplet was placed on the knitted face (Figure 5.3 (a)). At the moment 
when the water completely merged into the fabric, an image was taken of both 
faces of the fabric (Figure 5.3 (b) and (c)). This process was repeated with the water 
droplet placed on the woven face (Figure 5.3 (d), (e) and (f)). In both cases the 
radius of the wet area on the woven face was larger than that on the knitted face, 
which agreed with the earlier results. This proves that the unique water transfer 
behaviour of the bifacial fabric was mainly due to the fabric structure. 
 
Figure 5.3 Water spread and absorption on two faces of the bifacial fabric in the 
separate test. (a)-(c) water droplet placed on the knitted face, (a) knitted face, t=0 
sec, (b) knitted face, t=220 sec, (c) woven face, t=220 sec; (d)-(f) water droplet 
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placed on the woven face, (d) woven face, t=0 sec, (e) woven face, t=220 sec, (f) 
knitted face, t=220 sec. 
 
As a result, liquid water transfer mainly through fibre bundles, named wicking 
or capillary, and it is easier and faster for liquid water to move along the fibre’s 
axial direction than across fibres. As shown in the cross-section of bifacial fabrics, 
fibres of loops have weaker linkage on the knitted surface, and they are rooted in 
the woven structure and across the fabric in the thickness direction. This is helpful 
for water penetration through fabrics, but deteriorates the water spread on the 
knitted face of the bifacial fabric. 
 
5.3 Water Vapour Transfer Properties 
The evaporative resistance values and the normalised values against the GSM 
and thickness for the fabrics are given in Table 5.2. The original value for the 
woven fabric was higher than the knitted fabric, and the bifacial fabric showed 
higher evaporative resistance than the woven fabric. 
Since woven fabrics are denser than knitted fabrics, it is more difficult for 
water vapour to transfer through woven fabrics. The same rules apply for the 
bifacial fabric, given it was much heavier and thicker than the other two fabrics 
(Table 3.1), this fabric showed higher evaporative resistance value. 
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However, normalized values show that for a given weight or thickness, the 
bifacial fabric has much lower evaporative resistance. This is due to its unique 
structure and the different morphology on two faces of the bifacial fabric. 
 
Table 5.2 Evaporative resistance (Ref) – actual and normalized data against GSM 
and thickness of woven (fabric 1), knitted (fabric 2) and bifacial (fabric 5) fabrics. 
 
Fabrics Ref (kPa·m2/W) 
Ref (t) ** 
(kPa·m2/(W·mm)) 
Ref (GSM) *** 
(kPa·m2/(W·g/m2)) 
Woven 5.33 ± 0.09 6.23 ± 0.11 0.0263 ± 0.0004 
Knitted 5.08 ± 0.04 4.13 ± 0.03 0.0207 ± 0.0002 
Bifacial knitted face down 6.05 ± 0.05* 3.51 ± 0.03 0.0152 ± 0.0001 
Bifacial woven face down 6.38 ± 0.09* 3.69 ± 0.05 0.0160 ± 0.0002 
*The difference of them is statistically significant at the level of 0.05. 
** Normalized for thickness 
*** Normalized for GSM 
 
The difference observed in the evaporative resistance between the two faces 
of the bifacial fabric was statistically significant (p = 0.005 < 0.05). This difference 
may be caused by the unique morphology of the two faces, as shown schematically 
in Figure 5.4.  
 
 
(a) 
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(b) 
Figure 5.4 The morphology of the bifacial fabric (fabric 5) on the hotplate with (a) 
woven face down and (b) knitted face down for evaporative resistance. 
 
With the knitted face adjacent to the hotplate and the woven face in the air 
stream (Figure 5.4 (a)), the thickness (less than 2 mm) of air layer trapped by the 
open knitted structure, because of bigger spaces and pores inside, was considered 
to simulate no or minimal air gap.161 In this way, the air layer trapped in the knitted 
face with a thickness of less than 2 mm has no or minimal influence, while the 
woven face is primarily responsible for preventing water vapour from transferring 
through the bifacial fabric. Obviously, the air layer created by asperities on the 
woven face is thinner, leading to a lower evaporative resistance.  
In the reverse orientation (Figure 5.4 (b)), the woven face should be 
overlooked as discussed above. The still air layer, trapped by the knitted structure, 
is thicker than it on the woven face. Therefore, with the woven face close to the 
hot plate, the bifacial fabric has a higher evaporative resistance. 
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5.4 Permeability Index 
Permeability index (the relationship between thermal resistance and 
evaporative resistance) is generally used to determine the thermal comfort 
properties (breathability) of fabrics. Theoretically clothing with a permeability 
index of 0.3 has optimum thermal comfort. Higher or lower permeability index of 
0.3 suggests that the fabric is less breathable.162  
Table 5.3 gives the permeability index of the benchmark (BM), woven, knitted 
and bifacial fabrics. The permeability index of the bifacial fabric is higher than the 
woven and knitted fabrics and lower than the benchmark fabric. 
 
Table 5.3 Permeability index (im) of bench-mark (fabric 9), woven (fabric 1), knitted 
(fabric 2) and bifacial (fabric 5) fabrics. 
 
Fabrics Rcf (K·m2/W) Ref (kPa·m2/W) im GSM (g/m2) 
BM 0.034±0.001 4.24±0.08 0.48 245±3 
Woven 0.032±0.001 5.33±0.09 0.36 203±2 
Knitted 0.034±0.001 5.08±0.04 0.41 246±4 
Bifacial knitted face* 0.042±0.003 6.05±0.05 0.42 400±5 
Bifacial woven face 0.050±0.001 6.38±0.09 0.47 400±5 
* The knitted face was adjacent to the hot plate. 
 
There are several variables that affect permeability index (thermal comfort 
properties) in a steady state, such as air permeability, thickness, moisture regain, 
thermal conductivity and drying time.130 While the correlation between air 
permeability and permeability index is positive, correlation between permeability 
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index and the other variables is negative. Increasing air permeability, to some 
extent, increases permeability index. The optimum permeability index is the 
maximum value of one when the clothing reaches the theoretical maximum 
evaporative heat transfer.  
In this study, knitted fabrics with a greater air permeability showed a higher 
permeability index than woven fabrics. This might be due to the fact that knitted 
fabrics has higher porosity within the fabric, which enhances the air permeability 
and results in higher thermal resistance and lower evaporative resistance.  
Interestingly, the bifacial fabric with lower air permeability has a slightly 
higher permeability index than that of the knitted fabric. Since the same fibre 
blends were used to manufacture the woven, knitted and bifacial fabrics in this 
thesis, the effect of fibres on permeability index can be considered to be similar. 
The different permeability index may be explained by different porosities in the 
unique bifacial fabric with a looser knitted structure as the knitted fabric and a 
denser woven structure as the woven fabric. Porosities of the bifacial fabric will be 
further investigated in a future study. 
As discussed earlier, the bifacial fabric has unique evaporative and thermal 
resistance properties because of the different morphologies of the two faces. This 
also results in different permeability index on two faces of the bifacial fabric, and 
the permeability index on the woven face of the bifacial fabric is higher than that 
on the knitted face. 
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Even though the permeability index of the bifacial fabric, 0.42 on the knitted 
face and 0.47 on the woven face, is higher than the value of optimum thermal 
comfort (Imt = 0.3),162 the bifacial fabric still has good thermal comfort. Because 
the value of the optimum permeability index is a starting point preventing 
evaporation from moisture accumulation,130 and above that point the 
breathability of fabrics increases gradually. In addition, the permeability index of 
the bifacial fabric is quite close to the benchmark fabric. It suggests that the 
bifacial fabric can meet the requirements of the market due to a similar 
breathability to the benchmark fabric. 
 
5.5 Total Heat Loss 
Total heat loss is another evaluation of thermal comfort properties, which is 
different from the permeability index in three ways. Total heat loss and 
permeability index are measured under different conditions (ambient 
temperature and humidity). The total heat loss is the amount of heat flux including 
dry and evaporative heat exchanges, while the permeability index is the efficiency 
of evaporative heat transport through a clothing system. The total heat loss is 
expressed in watts per square meter, while the permeability index is 
dimensionless. Since the total heat loss is the amount of heat flux transferring 
through a clothing system, the lower the value of total heat loss is, the warmer the 
clothing is in cold environments. 
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Total heat loss of benchmark, woven, knitted and bifacial fabrics is shown in 
Table 5.4. Heat flux through the woven fabric is higher than other fabrics, due to 
its lower thickness and weight (Table 3.1), while the bifacial fabric with the highest 
thickness and weight has the lowest total heat loss. The difference on two faces 
of the bifacial fabric is caused by the different morphology as discussed earlier. 
 
Table 5.4 Total heat loss (Qt) of bench-mark (fabric 9), woven (fabric 1), knitted 
(fabric 2) and bifacial (fabric 5) fabrics. 
 
Fabrics Rcf (K·m2/W) Ref (kPa·m2/W) Qt (W/m2) GSM (g/m2) 
BM 0.037±0.0001 4.08±0.13 131.2 245±3 
Woven 0.035±0.0002 4.94±0.28 134.6 203±2 
Knitted 0.037±0.0017 4.36±0.05 130.8 246±4 
Bifacial knitted face* 0.043±0.0008 6.12±0.24 121.0 400±5 
Bifacial woven face 0.046±0.0004 6.56±0.06 116.3 400±5 
* The knitted face was adjacent to the hot plate. 
 
For a given thickness and GSM, the bifacial fabric showed the lowest heat loss 
compared to the other fabrics (Table 5.5), as a result of its denser structure which 
entrapped more still air layer within the fabric. As explained before, the denser 
structure can decrease air permeability and thus increase the evaporative 
resistance, while the air layer is primarily responsible for a higher thermal 
resistance. Therefore, the bifacial fabric with higher evaporative and thermal 
resistance loses less heat in total and performs better in a colder environments. 
 
Table 5.5 Actual and normalized total heat loss (Qt) of bench-mark (fabric 9), 
woven (fabric 1), knitted (fabric 2) and bifacial (fabric 5) fabrics. 
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Fabrics Qt (W/m2) Qt (W/(m2·mm))* Qt (W/(m2·g/m2))** 
BM 131.2 82.53 0.54 
Woven 134.6 157.26 0.66 
Knitted 130.8 106.14 0.53 
Bifacial knitted face 121.0 70.06 0.30 
Bifacial woven face 116.3 67.37 0.29 
*Normalized for thickness; 
**Normalized for weight per square meter.  
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5.6 Conclusion 
In this chapter, moisture transfer properties of the woven (fabric 1), knitted 
(fabric 2) and bifacial (fabric 5) fabrics were investigated. 
The contact angles for the woven, knitted and bifacial fabrics were similar, 
with the absorption time of the woven fabric being significantly shorter than the 
other two fabrics. 
The bifacial fabric exhibited unique behaviour when water was placed on the 
surface of the fabric, with water spreading quicker and further on the woven face 
than the knitted face.  
The evaporative resistance of the bifacial fabric was slightly higher than the 
knitted and woven fabrics, and the evaporative resistance on two faces of bifacial 
fabrics was different. However, normalizing for fabric weight and thickness, the 
bifacial fabric had a lower evaporative resistance. 
The permeability index of the bifacial fabric was slightly lower than the 
benchmark fabric, yet higher than woven and knitted fabrics. It suggests that the 
bifacial fabric has good breathability.  
The total heat loss of the bifacial fabric was lower than other fabrics, which 
means bifacial fabrics are warmer than other fabrics.  
Bifacial fabrics can be engineered for moisture management purposes. With 
the knitted face next to the skin, moisture can be absorbed and transported to the 
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outer woven face, where it can spread quickly and evaporate. The moisture 
management properties may be further optimised by using different materials and 
adjusting process parameters, such as yarn count, fibre content, weft density and 
loop length. 
It should be noted that the above conclusions may only apply to the fabrics 
produced in this study. More work is still required to verify these conclusions with 
different yarns and different bifacial fabric structures. The following chapter will 
examine how structural parameters affect the heat and moisture transfer 
properties of bifacial fabrics. 
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CHAPTER SIX 
 
6 Effect of Structural Parameters on Moisture and Heat 
Transfer Properties of Bifacial Fabrics 
In this chapter, the effect of weft density and loop length on moisture and 
heat transfer properties is investigated. Benchmark fabric and bifacial fabrics 
(fabrics 3, 4, 5, 6, 7 and 8 shown in Table 2.1) with different weft densities and 
loop lengths are assessed in this study. 
 
6.1 Effect of Weft Densities and Loop Lengths of Bifacial Fabrics on 
Moisture Transfer Properties 
At lower activities, moisture transferring from the skin normally takes place in 
the form of invisible perspiration (water vapour). As an apparel-fabric, suitable 
permeability of water vapour is therefore required, and it is more important than 
liquid water transfer properties to obtain thermal comfort. In this section, the 
effect of weft densities and loop lengths on evaporative resistance of bifacial 
fabrics is examined. 
Effect of weft densities and loop lengths of bifacial fabrics on evaporative 
resistance is shown in Figure 6.1 and Figure 6.2, respectively. Increasing weft 
density and loop length of bifacial fabrics increases evaporative resistance. 
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Figure 6.1 Effect of weft density on evaporative resistance of bifacial fabrics (Ŷ – 
knitted face down; Ÿ – woven face down, error bars show the standard deviation). 
 
 
Figure 6.2 Effect of loop length on evaporative resistance of bifacial fabrics (Ŷ – 
knitted face down; Ÿ – woven face down, error bars show the standard deviation). 
 
Increasing weft density decreases the spaces between weft yarns in the 
woven structure of bifacial fabrics, resulting in narrower channels in bifacial fabrics. 
These channels are the main way for water vapour to transfer through, and they 
determine the ability of water vapour transferring in bifacial fabrics. Therefore, 
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the narrower channels decrease the water vapour transferring and lead to a higher 
evaporative resistance. 
When loop length of bifacial fabrics increases, weft density keeps constant. 
The loops expand themselves in two directions of fabric thickness and weft, due 
to their top and bottom arcs being fixed by the woven structure. In the thickness 
direction, loop arms bend gradually, and fabric thickness increases accordingly. 
The thickness of air layer entrapped in the fabric increases as well, and leads to an 
increase in evaporative resistance. The loops also extend their arms in the weft 
direction. This movement lets the loop arms fill more spaces between wales of 
bifacial fabrics, which results in smaller channels on the knitted face of bifacial 
fabrics. Therefore, evaporative resistance of bifacial fabrics increases with an 
increase in loop length. 
 
6.2 Effect of Weft Densities and Loop Lengths of Bifacial Fabrics on Air 
Permeability 
Table 6.1 shows the effect of weft density and loop length on the air 
permeability of bifacial fabrics. These bifacial fabrics (4, 5, 6 and 8) were produced 
with the same basic bifacial structure (same as fabric 5); warp (56 tex, pure 
polyester) and weft (65 tex, 35% acrylic / 65% wool) yarns. The analysis of variance 
of air permeability is summarized in Table 6.2. It was found that both weft density 
and loop length have an independent effect on air permeability (p < 0.001). The 
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interaction between the weft density and loop length was not significant (p = 
0.600 > 0.05). 
 
Table 6.1 Mean and standard deviation (SD) of air permeability of bifacial fabrics. 
 
Fabric Loop length (mm) 
Weft density 
(picks per cm) 
Air permeability 
(cm3/cm2/s) 
(mean ± SD) 
GSM 
(g/m2) 
(mean ± SD) 
4 5.5 18 34.87 ± 2.57 330 ± 6.7 
5 5.5 22 29.72 ± 2.17 400 ± 4.5 
6 5 18 24.67 ± 2.07 311 ± 3.6 
8 5 22 19.04 ± 1.03 383 ± 3.8 
 
Table 6.2 The results of analysis of variance for loop length and weft density on air 
permeability of bifacial fabrics at two levels. 
 
Source Sum of Squares Degree of freedom f-value p-value 
Model 61394.609 4 3688.518 <0.001 
Loop length 2179.872 1 523.857 <0.001 
Weft density 579.965 1 139.374 <0.001 
Interaction 1.152 1 0.277 0.600 
 
The Least Significant Differences (LSD) results of air permeability are 
presented in Table 6.3. It can be found that there were significant differences in 
air permeability between all pairs (p < 0.001). 
 
Table 6.3 LSD’s post hoc comparisons of bifacial fabrics for the main effects (loop 
length, weft density) on air permeability. 
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Fabric (I) Fabric (J) Mean difference (I-J) p-value 
1 (5.5,18) 
2 (5.5,22) 5.145* <0.001 
3 (5,18) 10.200* <0.001 
4 (5,22) 15.825* <0.001 
2 (5.5,22) 3 (5,18) 5.055* <0.001 4 (5,22) 10.680* <0.001 
3 (5,18) 4 (5,22) 5.625* <0.001 
*The mean difference is significant at the 0.05 level. 
 
The multiple regression modelling of the air permeability value included weft 
density and loop length, and the final model was in the form of (R2=0.897): 
ŝƌƉĞƌŵĞĂďŝůŝƚǇǀĂůƵĞсĐŽŶƐƚĂŶƚнɴ1 пǁĞĨƚĚĞŶƐŝƚǇнɴ2 × loop length,      (5.1) 
Where: ɴ1 ĂŶĚɴ2 are the coefficients of the model as shown in the Table 6.4. 
 
Table 6.4 A list of the regression coefficients and statistical significance of included 
terms in the final model for air permeability values of bifacial fabrics. 
 
Adjustment to final model ɴ Standard Error t-value p-value 
(Constant) -55.623 5.285 -10.525 <0.001 
Loop length 10.440 0.454 22.996 <0.001 
Weft density -0.538 0.045 -11.862 <0.001 
 
The results showed that bifacial fabrics with a higher weft density had a lower 
air permeability, which was similar to the performance of conventional woven 
fabrics. Increasing weft density adds the number of weft yarns in a unit length and 
reduce the space or distance between weft yarns. It results in a reduction of pores’ 
size in the woven structure of the bifacial fabric. This, therefore, decreases the air 
flow through fabrics and reduces the air permeability. 
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Increasing the loop length in a knitted fabric decreased the course or wale 
density, resulting in a looser structure with greater air permeability. However, the 
course density and wale density in the knitted structure of bifacial fabrics did not 
change when the loop length increased, because the loop yarns were fixed by the 
warp and weft yarns in the woven component of the bifacial fabric structure. With 
the loop length increasing, the woven structure of the bifacial fabric remains the 
same as before.  
In the knitted structure of the bifacial fabrics, increasing loop length would 
relax loop yarns, leading to a looser fabric structure with bulky loop yarns. It was 
observed that thickness of bifacial fabrics increased when loop length increased, 
and the higher thickness leads to higher pores’ size in the knitted structure of the 
bifacial fabrics. It is suggested that the greater spaces and pores in the knitted 
structure of the bifacial fabric are responsible for a higher air permeability.  
 
6.3 Effect of Weft Densities and Loop Lengths of Bifacial Fabrics on 
Thermal-contact Feeling 
Thermal-contact feeling on two faces of bifacial fabrics can be modified by 
changing weft density and loop length. Table 6.5 shows that increasing weft 
density or loop length generally enhances the warm feeling of bifacial fabrics, 
where the feeling may be different on two faces. 
 
Table 6.5 Thermal-contact feeling of bifacial fabrics. 
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Fabric parameter qmax (W/cm2) 
Weft density (picks/cm) Loop length (mm) Knitted face Woven face 
14 5.5 0.135 ± 0.006 0.151 ± 0.008 
18 5.5 0.122 ± 0.004 0.123 ± 0.004 
22 5.5 0.118 ± 0.003 0.118 ± 0.001 
18 5 0.128 ± 0.004 0.129 ± 0.003 
18 6 0.112 ± 0.004 0.107 ± 0.002 
 
With an increase of warp or weft density in normal woven fabrics, the warp 
or weft yarns bend more heavily at the intersections due to the crowded yarns, 
resulting in an arc of yarns with higher radian. It means that the contact area on 
the peak of asperities (intersections) will be decreased when it is touched under a 
certain pressure. Therefore, increasing weft density decreases the contact area on 
the woven face of bifacial fabrics, leading to a warmer feeling. 
In bifacial fabrics, the bottom arcs of knitted loops are fixed by the woven 
structure, and they link to each other using their top and bottom arcs as shown in 
the cross-sections. Increasing loop length gives loops extra yarns, and these yarns 
have to expand in the fabric thickness direction. In this way, the loop arms 
effectively bend and the bending points are the asperities. With continuous 
bending of the loop arms, the asperities become high and sharp, and the knitted 
face then is much rougher. As explained above, the rougher knitted face feels 
warmer. 
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6.4 Effect of Weft Densities and Loop Lengths of Bifacial Fabrics on 
Thermal Resistance 
The effect of weft density and loop length on thermal resistance of bifacial 
fabrics are shown in Figure 6.3 and Figure 6.4, respectively.  Both figures show an 
increasing trend of thermal resistance with an increase in both weft density and 
loop length. 
 
Figure 6.3 Effect of weft density on thermal resistance of bifacial fabrics (Ŷ – 
knitted face down; Ÿ – woven face down, error bars show the standard deviation). 
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Figure 6.4 Effect of loop length on thermal resistance of bifacial fabrics (Ŷ – knitted 
face down; Ÿ – woven face down, error bars show the standard deviation). 
 
Increasing weft density increases the number of weft yarns in a unit length, 
which gives a higher fabric weight. As known, fabrics with higher weight are 
normally warmer (higher thermal resistance) than lighter fabrics. On the other 
hand, increasing weft density decreases the distance between weft yarns. 
However, the loop length does not change to adapt to the narrow space between 
weft yarns, and the loop arms have to bend more sharply to link the top and 
bottom arcs of loops. This movement increases both fabric thickness and air layer 
thickness within the fabric, which determines thermal resistance as discussed 
earlier. Therefore, increasing weft density also increases thermal resistance of 
bifacial fabrics.  
Limited by the distance between weft yarns (weft density), the straight 
distance between the top and bottom arcs of loops remains constant. Because the 
top and bottom arcs are fixed by the woven structure of the bifacial fabric. Once 
loop length increases, the length of loop arms increases in fabric thickness 
direction, and the loop arms become longer and bend more heavily. This results 
in a higher fabric thickness and thicker air layer, then leading to a higher thermal 
resistance. 
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6.5 Effect of Weft Densities and Loop Lengths of Bifacial Fabrics on 
Total Heat Loss and Permeability Index 
Figure 6.5 shows the effect of weft density of bifacial fabrics on the total heat 
loss. The effect of weft density of bifacial fabrics on permeability index is given in 
Figure 6.6. Increasing weft density decreases the total heat loss. As discussed 
earlier, increasing weft density increases fabric weight and decreases spaces 
between weft yarns. Therefore, evaporative and thermal resistance will be higher 
and the calculated total heat loss will decrease (Equation 2.8). 
Interestingly, when weft density increases, permeability index of bifacial 
fabrics remains constant. Increasing weft density of bifacial fabrics increases the 
evaporative resistance, while the thermal resistance also increases. This is due to 
the smaller pores within the woven structure of bifacial fabrics. Increasing weft 
yarns in a unit area reduces channels between yarns and increases heat 
conduction through fibres. This leads to a decrease in thermal resistance. The 
fabric weight and thickness of air layer trapped in the knitted structure of bifacial 
fabrics increase. The air layer is primarily responsible for thermal resistance. 
Therefore, the permeability index remains constant according to the Equation 2.7. 
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Figure 6.5 Effect of weft density of bifacial fabrics on total heat loss (Ŷ – woven 
face down; Ÿ – knitted face down). 
 
Figure 6.6 Effect of weft density of bifacial fabrics on permeability index (Ŷ – 
knitted face down; Ÿ – woven face down). 
 
The effect of loop length of bifacial fabrics on the total heat loss is shown in 
Figure 6.7. The total heat loss of bifacial fabrics decreases with an increase of loop 
length. Increasing loop length of bifacial fabrics is to expand the pores in the 
knitted structure of the bifacial fabrics, thus increases the thickness of the 
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entrapped air layer. It leads to higher evaporation insulation and heat flux as 
discussed earlier, which results in a decrease in the total heat loss.  
The rule explained above can be applied to the effect of loop length of bifacial 
fabrics on permeability index (Figure 6.8). The air layer has more influence on 
thermal resistance of bifacial fabrics, while the evaporative resistance is 
determined by the air permeability, specifically, pores (weft density) in bifacial 
fabrics. Even though higher loop length in the knitted structure increases air 
permeability as discussed in section 6.2, spaces between weft yarns in the woven 
structure have no changes. It means that, with loop length increasing, the rate of 
increase of thermal resistance is greater than evaporative resistance, leading to a 
higher permeability index of bifacial fabrics. 
 
Figure 6.7 Effect of loop length of bifacial fabrics on total heat loss (Ŷ – woven face 
down; Ÿ – knitted face down). 
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Figure 6.8 Effect of loop length of bifacial fabrics on permeability index (Ŷ – knitted 
face down; Ÿ – woven face down). 
 
As a result, increasing weft density and loop length of bifacial fabrics 
decreases total heat loss because of higher thickness and weight. Permeability 
index of bifacial fabrics slightly increases with an increase in loop length, while 
increasing weft density has less impact on permeability index. 
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6.6 Conclusion 
Even though fibre contents have impact on thermal comfort properties, this 
influence has been removed by producing all fabrics with the same yarns and 
structural parameters in this thesis. The differences of the properties can be 
considered to be caused by fabric structures.  
In this chapter, effect of loop length and weft density on water vapour and 
heat transfer properties of bifacial fabrics were studied, and the key findings are 
summarised below. 
x Loop length and weft density had positive influence on evaporative 
resistance, and an increase of them reduced water vapour transferring 
through bifacial fabrics. 
x The loop length and weft density statistically showed significant 
influence on the air permeability of the bifacial fabric, while the impact 
of their interaction was not significant. 
x Increasing weft density and loop length increased warm feeling of 
bifacial fabrics. 
x Thermal resistance of bifacial fabrics increased with an increase of 
weft density and loop length. 
x Increasing loop length increased permeability index of bifacial fabrics, 
while permeability index had almost no changes with an increase in 
weft density. 
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x With an increase of weft density and loop length, the total heat loss of 
the bifacial fabric decreased. In other words, the bifacial fabric feels 
warmer when the weft density or loop length is increased.  
As a result, both weft density and loop length affect fabric thickness and fabric 
density, which in turn affect fabric porosity. Fabric porosity is also linked with 
thermal comfort properties, such as air permeability, thermal contact feeling 
thermal and evaporative resistance. 
This work shows that the thermal properties of the bifacial fabrics can be 
optimized by changing loop length and weft density, and bifacial fabrics with 
different thermal properties may be engineered for different applications.   
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CHAPTER SEVEN  
 
7 Conclusion and Future Works 
7.1 Conclusion 
Bifacial fabrics, with a woven structure on one face and a knitted structure on 
the other, were developed and produced on a purpose-built machine using 
conventional fibres. A number of mechanical and thermal comfort properties were 
measured and the effects of fabric structures on these properties were evaluated 
to understand the heat and mass transfer through the bifacial fabrics. 
The bifacial fabrics showed a unique appearance with a woven surface on one 
face and a knitted surface on the other. The thickness of the bifacial fabric (fabric 
5 in Table 2.1) was found to be less than the sum of woven (fabric 1) and knitted 
(fabric 2) fabrics, and its volumetric density was similar to the woven fabric. The 
tensile behaviour of the bifacial fabric was unique, with two load-extension peaks 
and a relatively high toughness along both the warp and the weft direction. The 
two peaks represented the separate breakages of the woven and knitted 
components in the bifacial fabric. The bifacial fabric demonstrated different 
abrasion resistance, combining the performances of the knitted and woven fabrics. 
The bending stiffness of the bifacial fabric was different in warp and weft 
directions, and dependent on whether they are bent towards the knitted or woven 
face. 
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Air permeability of the bifacial fabric (fabric 5) was less than the knitted (fabric 
2) and woven (fabric 1) fabrics manufactured in this study, while the bifacial fabric 
felt warmer than the knitted and woven fabrics alone. The thermal resistance of 
the bifacial fabric was higher than the woven and knitted fabrics, due to its higher 
thickness and weight. The difference between two faces of the bifacial fabric was 
statistically significant.  
The contact angles for all knitted (fabric 2), woven (fabric 1) and bifacial (fabric 
5) fabrics were similar, due to the similar yarn type used for all the fabrics. The 
bifacial fabric exhibited unique behaviour when water was placed on the surface 
of the fabric, with higher and faster water spread on the woven face compared to 
the knitted face. The evaporative resistance of the bifacial fabric was slightly 
higher than the knitted and woven fabrics. The evaporative resistance on two 
faces of the bifacial fabric was different. However, normalizing for fabric weight 
and thickness, the bifacial fabric showed lower evaporative resistance. The 
permeability index of the bifacial fabric was higher than woven and knitted fabrics. 
The total heat loss of the bifacial fabric was lower than other fabrics. It suggests 
that the bifacial fabric is more breathable and warmer than the woven and knitted 
fabrics. 
Increasing loop length of bifacial fabrics increased evaporative resistance, air 
permeability, warm feeling, thermal resistance and permeability index, yet 
reduced total heat loss. An increase in weft density of bifacial fabrics led to higher 
evaporative resistance, warm feeling, thermal resistance and lower air 
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permeability and total heat loss, while permeability index did not change with an 
increase in weft density. 
Apparently, bifacial fabrics with a combination of woven and knitted 
structures have both unique mechanical properties and attractive thermal 
comfort properties. These properties can be optimized by changing loop length, 
weft density and fabric structures. Due to the unique appearance and properties, 
bifacial fabrics are expected to be used in extensive applications in future, 
including industrial, clothing and home textiles. 
 
7.2 Future Works 
Since this project is an initial work on novel bifacial fabrics, there is still more 
detailed work to be done in future, as outlined below. 
(1) Improving the purpose-built machine further is essential. This should focus 
on the coordination between the weaving and knitting elements to speed up the 
process. 
(2) Investigation regarding the way in which yarns transfer within bifacial 
fabric structures, particularly the loop yarn, should be carried out. Since bifacial 
fabrics have a combination of woven and knitted structures, the way of linking the 
two structures determines the effect of structures on properties. 
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(3) Further research on porosities of bifacial fabrics, such as pores size, 
distributions of pores and the effect of these parameters on other properties of 
bifacial fabrics, may be conducted.  
(4) One limitation of this work is that it is an experimental study. Although 
statistical analyses have been conducted when needed, a theoretical study on the 
heat and moisture transfer behaviour of the new bifacial fabric structures is 
warranted.  
(5) The combination of the flat knit and the plain weave in bifacial fabrics has 
been investigated in this study. In future, researches on other knitted and woven 
structures should be conducted. Bifacial fabrics made from different yarns and 
with different structures should be produced to further verify the conclusion from 
this study. 
(6) The most important one is potential applications. Properties required by 
specific applications should be examined objectively and compared to the 
products on the market. Different fibre materials can also be used in the bifacial 
structures to further enhance the fabric functionalities. 
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